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THE MOLECULAR MICRODISTILLATION OF CHOLESTEROL 
AND CHOLESTEROL ESTERS* 


BY ALFRED E. KOEHLER anv ELSIE HILL 


(From the Santa Barbara Cottage Hospital and the Sansum Clinic Research Foundation, 
Santa Barbara) 


(Received for publication, November 4, 1948) 


Fractional distillation of the sterols and their esters at the pressures 
ordinarily used requires temperatures that may result in deterioration. 
Hickman (1) and earlier workers have developed a cyclic molecular still 
which leaves little to be desired, except that it cannot be used for the 
extremely small amounts of lipides commonly encountered in blood and 
tissue analysis. We have devised a simple molecular still for such analysis, 
in which the distillation is made from a film and which is efficient quanti- 
tatively in amounts up to 5 mg. Not only has this still the advantage of 
using small amounts, but no vehicle is needed and so the distillate is re- 
covered in pure form. The efficiency of the still is high. Hickman reports 
(1) that free sterols are removed at 180° and the esters at 250° in the cyclic 
still, whereas cholesterol in the film still is completely distilled at 88° and 
its esters at 155°. Though the film still is limited to relatively small 
amounts of material, it fulfils a definite need for analytical work. 


Method 


The still, as shown in Fig. 1, consists of two concentric tubes; the inner 
surface of the outer tube serves as the distilling surface and the inner tube 
as the condensing surface. ‘The outer tube measures 200 mm. in length to 
the standard 24/40 ground joint and has an internal diameter of 25 mm. 
The inner, or condensing, tube has an outside diameter of 18 mm., giving a 
distance of 3.5 mm. at all points between the distilling and condensing 
surfaces. The still is connected through a large outlet at the top to a 
metal water-cooled fractionating oil diffusion pump of 20 liters per second 
capacity (Distillation Products VMF20). A Cenco megavac pump with a 
displacement of 31 liters of free air per minute was used for the fore pump. 
The high capacity of this system is of value in giving a uniform minimum 
pressure, not only throughout the distillation period but from day to day. 
The glass joint is sealed by means of a strip of adhesive tape around the 
outer joint. The tape projects } inch upward and this well is filled with 


* A preliminary report was presented at the Thirty-eighth annual meeting of the 
American Society of Biological Chemists at Chicago, May, 1947. 
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2 MICRODISTILLATION OF CHOLESTEROL 


mercury. The smaller arm of the still is connected to a Pirani and a Me- 
Leod gage. The latter is used to check the Pirani gage frequently. 

A glass jacket which fits on the rubber stopper is used for heating the 
outer tube. The jacket has a side arm at the top and bottom through 
which water is circulated at a constant temperature, or vapor is passed 
from a boiling liquid. A Wood’s metal bath in a long steel tube with an 
electric heating coil on the outside is used for temperatures above 128° 
(amyl alcohol). This bath is raised so as to submerge the distilling tube 
when the desired temperature is reached and lowered again at the end of 
the distillation period. 

In general the amount of lipide distilled has been between 1 and 2 mg. 
An aliquot of solution representing this amount of lipide is dried in the 
distilling tube, dissolved in 1 cc. of petroleum ether, and, by inclining the 
tube during rotation, dried in an even film up to three-fourths the length 
of the tube. The film covers an area of 95 sq. cm. and this represents about 
0.015 mg. of lipide per sq. cm. An even film is important and can be ob- 
tained only if the surface is perfectly clean. Heating is started as soon as 
the pressure reaches 0 on the micron scale of the Pirani gage. This mini- 
mum pressure registers0.003 + 0.002 u on the McLeod gage. Distillations 
are arbitrarily run for 30 minutes unless otherwise specified. At the end 
of the distillation period the oil diffusion pump is cooled as quickly as 
possible with an electric fan, air is admitted into the system, and the distil- 
ling tube removed. The condensing tube and the inner portion of the glass 
joint remain in a fixed position connected tothe vacuum system and are not 
disturbed or disconnected. ‘The condensate is washed down carefully with 
ether from the condenser tube into a beaker. 


Analytical Data 


Preparation of Material—Commercial spinal cord cholesterol was _re- 
saponified and crystallized six times from alcohol in dilute solution and 
had a melting point of 147.6°. 

Serum cholesterol was prepared from mixed Bloor filtrates that had been 
stored in the refrigerator. The filtrates were concentrated at reduced 
pressure at 40° nearly to dryness and extracted with petroleum ether. 
After evaporation of the petroleum ether the lipides were dissolved in a 
small amount of warm 95 per cent ethyl alcohol and the sterol fraction 
separated by crystallization at 6°. The sterols were then recrystallized 
four times from 95 per cent alcohol to separate them from the other blood 
lipides further. The free cholesterol was separated from the esters by 
alumina adsorption according to the method of Trappe (2). Saponifi- 
cation was avoided because of the possible changes that might occur. This 
preparation still contained about 3 per cent of esters which were removed 
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by distillation at 80°. The purified serum cholesterol had a melting point 
of 145.6° and probably still contained some contamination. The serum 
cholesterol esters were prepared from the lipides of the Bloor filtrates as 
described above. The free cholesterol was removed by precipitation with 
digitonin and the esters were crystallized at 6° from an ethanol solution of 
the lipides. No attempt was made to obtain the esters in a high state of 


Waler 
— 
Vacuum | Pirani and 
McLeod Gages 


5 cm. 


Fig. 1. Film type molecular still for distillation of small amounts of blood and 
tissue lipides. 


purity, as repeated recrystallizations altered their composition. The cho- 
lesterol esters of the various fatty acids were prepared according to the 
method of Page and Rudy (3). 

Distillation of Cholesterol and Cholesterol Esters—The various prepa- 
rations in amounts of 1.5 mg. were distilled for 30 minutes at differing 
temperatures. The cholesterol in the non-distilled portion, or residue, and 
in the distillate was determined by the Liebermann-Burchard color re- 
action. 

The results of fractional distillation of cholesterol and its esters are shown 
in Fig. 2. Sublimation is appreciable at as low as 50°, and if heating were 
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prolonged, all the cholesterol would volatilize at this temperature. How- 
ever, at 88° all is sublimed in 3 hour. There is a sufficiently wide differ- 
ence in volatility between the free cholesterol and cholesterol esters of the 
serum to permit a quantitative separation. Cholesterol palmitate, oleate, 
and stearate have distillation curves not greatly different from those of the 
serum esters, and a mixture of equal parts of these esters has a distilling 
characteristic approximately that of the serum esters. These esters, in 
addition to those of linoleic acid, were found as the main constituents of 


100 


Percent Distilled 
re) 


40 60 80 100 120 140 160 180 
Degrees Centigrade 


Fic. 2. Distillation curves for cholesterol and various cholesterol esters at 107° 
mm. of Hg pressure for 30 minutes. 


blood by Schoenheimer (4). In more recent and comprehensive work 
Kelsey and Longenecker (5) found that 85 per cent of the cholesterol 
esters of beef plasma were unsaturated and that linoleic acid comprised 
82 per cent of the total. The distillation curves also show that none of 
the lower fatty acid homologues such as butyric acid are an appreciable 
part of the blood esters. 

Separation of Free Cholesterol from Its Esters—In the separation by mo- 
lecular distillation the free cholesterol is available in an uncombined 
form, whereas in the digitonin separation it is regenerated only with 
difficulty. The application of this method of separation to the blood 
lipides is, of course, complicated by the effect of the other lipides on the 
rate and completeness of the cholesterol sublimation. Table I shows the 
effect of time of distillation on the amount of cholesterol distilled from 
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purified cholesterol and also from dried Bloor filtrates. In both cases 
most of the cholesterol is distilled in 10 minutes, thus giving an ample 
margin for the 30 minute period. In Table II it is shown that the addition 
of sesame oil or cholesterol stearate does not appreciably affect the re- 
covery of cholesterol. Under these conditions sesame oil is only partly 
distilled and no cholesterol stearate is distilled. 

Comparison of Separation of Free Cholesterol in Serum Lipides by Distil- 
lation with Digitonin Precipitation—The total and ester cholesterols were 
determined in the sera of selected fasting subjects by means of digitonin 


TaBiz I 
Sublimation of Commercial and Serum Cholesterol at 88° 


Time Resi- Total recovered 
of distil Distillate (residue + dis- 
lation — tillate) 
Cholesterol, 1.05 mg. 5 0.13 0.90 86 1.03 99 
10 O 97 1.02 97 
1 0 96 1.01. 96 
30 610 9 1.02 97 
Dried blood serum Filtrate 1, 10 ce. | | 
Total cholesterol, 0.80 mg. 5 0.61 0.20 25 ~=s« 0.81 101 
Free * 10 23 0.80 100 
Ester 0.61 “ 30 23 0.78 97 
Dried blood serum Filtrate 2, 10 ec. | | 
Total cholesterol, 0.84 mg. 5 0.68 0.14 17 0.82 98 
Free 10 «0.66 0.17 0.83 99 
Ester 0.66 “ 30 =6.0.62 23 0.81 


* By digitonin precipitation, 


precipitation according to the method of Bloor and Knudson (6). Aliquots 
of the alcoholic filtrate representing 1.5 mg. of total cholesterol were dried 
in the distilling tube under a water pump vacuum at room temperature 
and the lipides were deposited in an even film on the inner surface, as has 
been previously described. The distillations were then made for a period 
of 30 minutes at 88° or 100°. Table III shows a remarkable agreement 
between the results from the digitonin and the distillation methods in sera 
from healthy subjects. These subjects were selected to represent a wide 
range in serum total cholesterol, and although some values are outside the 
usually accepted normal range, careful physical and the usual laboratory 
examinations did not reveal any abnormalities. The values at both 88° 
and 100° indicate a considerable leeway in temperature for free cholesterol 
and ester separation. On the other hand, the free cholesterol percentage 
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6 MICRODISTILLATION OF CHOLESTEROL 


of the total was 11 per cent lower at 88° and 6 per cent lower at 100° in the 
distillation method for the abnormal series. The explanation for this is 
not clear. In these sera there apparently is present a substance which is 
precipitated along with the free cholesterol by digitonin and gives the 
cholesterol color reaction, but is not distilled under conditions in which free 
cholesterol is readily and completely sublimed. This may be an altered 
form of cholesterol. 

Distillation of Cholesterol Esters—Some insight into the composition of 
the cholesterol esters can be obtained by fractional distillation. Since 
nothing is known about the uniformity of the ester composition in blood or 
tissues in health or disease, an attempt has been made to see whether any 


TaB_e II 
Recovery of Cholesterol from Added Lipides at 88°; Distillation 830 Minutes 


R 
Resi- Distil- ery of 
due late — choles- 


0.5 mg. cholesterol + 1.0 mg. sesame oil.. .................. 0 0.48! 9% 
0.5 “ + 1.5 “ cholesterol as cholesterol stear- 

0.5 mg. cholesterol + 2.0 mg. cholesterol as cholesterol stear- 


gross differences exist. Bloor filtrates of various sera from fasting sub- 
jects were treated with digitonin to remove the free cholesterol. The ester 
fraction was distilled at 128° in amounts equivalent to approximately 1.5 
mg. of cholesterol. The question naturally arose of the influence of varia- 
tion in other lipides present on the amount of ester distilled. Table IV 
shows the effect of adding serum fatty acids and also of removing the phos- 
pholipides by acetone-MgCl, precipitation. The slight changes which oc- 
curred were probably within the range of experimental error. Further- 
more, since a constant amount of ester cholesterol was always taken and 
since the neutral fats in general rise or fall with the cholesterol level, their 
relative ratios were probably little altered. 

Table V shows the distillation of 1.5 mg. of ester cholesterol, expressed 
as cholesterol, from normal and abnormal fasting sera and of the intima 
of human aortas. The abnormal sera were from subjects with cirrhosis 
of the liver, diabetes, and hypertension. The conditions of distillation, 
namely time, temperature, and pressure, remained constant from one de- 
termination to the next. Although 128° falls on the steep portion of the 
ester curve as shown in Fig. 2, it was found that duplicate distillations gave 
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comparable results. 


7 


Furthermore, the standard deviation of the mean in 


sixteen different normal subjects as shown in Table V was relatively small 


for this type of analysis. 


TaBLe III 


Comparison of Separation of Free Cholesterol by Distillation and by Digitonin 
Precipitation; Distillation 30 Minutes 


cholesterol separation 


The abnormal sera esters, however, were defi- 


Subject No. Diagnosis — By digitonin By distillation — ie 
00° 
1.M.W. Healthy subjects 590 «175 | 30 | 2 | 148) 
2. I. B. 110 31 | 28 32, 29 31 | 28 
3. F. V. 163 38-23 44 27 46 28 
4. H.W. 362 104 29 91 25 94 | 26 
5. JR. 226 63 28 61 27 59-26 
6. C. F. 448 121; 27 | 107 | 24 | 112) 25 
7. L. L. 332 80; 24 27 80 | 24 
8. M.S. 352 | 89! 25 | 78| 22 | 92] 26 
9. L. T. 236 41) 17 | 47] 2 | 45} 19 
313 26 25 | 25 
“ of difference from digi-_ | 
Standard deviation of mean... +1 1 +1.0 
1.G.T. | Cirrhosis of liver 290 | 117, 61 | 154] 53 | 162| 56 
2,.W.W. Schiiller-Christian 527 | 242) 46 | 221| 42 | 44 
3. E.M. | Diabetic ketosis 260 102) 39 57 | 22 81 31 
4. W. B. “ a 200 | 104, 36 | 78| 27 81 28 
5. A. K. — Cirrhosis of liver 352 | 127; 3% | 74) 21 102 | 29 
6. J. M. 262 | 94) 36 | 68; 2 | 31 
7.D.M. Diabetic fatty liver 275 | 96' 3 | 2 | 24 
420 | 143|.34 | 92] 22 | 105! 2% 
9. L. L. Cardiac failure 220 | 3 46; 21 2 
cons 322 39 29 32 
of difference from digi- 
Standard deviation of mean... 


+0.9 


nitely less volatile and presumably contained esters of higher fatty acids. 
These findings merely indicate that such variations may exist in selected 
subjects, but not that they are characteristic of any particular disease. 
The lipides of the intima and of the inner media of the aorta of adult 
subjects who had died from a variety of causes were extracted with warm 
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TaBLe IV 


Effect of Changes in Composition of Lipides on Cholesterol Ester Distillation at 128° 
for 30 Minutes 


— 


Standard deviation 


No. of subjects Distilled esters Difference al eneom 
per cont of total por cont of satel 
6 62 50* —3 +2.6 
10 62 63t +] +1.9 
* 1 mg. of serum fatty acids added. 
t Phospholipides removed. 
TABLE V 
Average Values for Distillation of Serum Cholesterol Esters at 128°; Distillation 30 
Minutes 
_ Aliquot 
Esters Distilled esters 
cholesterol 
meg. me. percent deviation 
of mean 
Normal serum... .............. 16 0.76 0.55 1.13 
Abnormal eerum.............. 16 0.74 0.40 +2.50 
TaBLe V1 
Distillation of Serum Cholesterol Esters in Diabetes at 128° for 30 Minutes 
Uncontrolled Controlled 
Blood sugar Fsters Distillate Blood sugar Esters Distillate 
me. ong 100 mg. per per cent me. 100, mg. 100 per cent 
410 235 55 Qs 70 
305 220 47 110 205 53 
205 225 67 114 72 
260 175 96 180 73 
380 355 72 76 210 71 
ee 410 | 210 66 64 190 75 
R. B.* 497 | 185 47 105 160 64 
Standard deviation of 
| +3 | +2 
* Coma. 


alcohol in a homogenizer and the residue was further extracted with ether 
in a Soxhlet type of extractor. The alcohol and ether extracts were com- 
bined, dried in vacuo, dissolved in petroleum ether, and filtered. The free 


| 
| 
| 
i 
| 
4 
4 


\. E. KORHLER AND E. HILL 


cholesterol was precipitated with digitonin. Aliquots representing 1.5 mg. 
of ester cholesterol were distilled.!. The average yield of ester cholesterol 
from aorta was 56 per cent of the total cholesterol. The aorta esters were 
less volatile than the normal serum esters but were more volatile than the 
abnormal serum esters. 

As is shown in Table VI, there probably is a shift in the nature of the 
esters in uncontrolled diabetes. The distilled portion in the controlled 
group was 15 per cent higher than in the uncontrolled group. 


DISCUSSION 


Molecular distillation from a thin film of lipides is of particular value in 
sterol separations because of the relatively low temperature required, the 
practically complete absence of oxygen, and the fact that the free choles- 
terol is uncombined and directly utilizable for further study. 

The complete separation of free and ester cholesterol makes available 
another quantitative method besides that of digitonin precipitation. The 
fact that the two methods agree so closely for healthy subjects suggests 
that probably no other substance giving the Liebermann-Burchard color 
reaction enters into the free cholesterol fraction. On the other hand, in 
liver disease with low esters the free cholesterol percentage of the total runs 
11 per cent lower with this method than with the digitonin method. Since 
the liver is instrumental in both the synthesis and disintegration of choles- 
terol, as well as in its esterification, it is quite possible that an abnormal 
liver metabolism might result in the formation of substances akin to but 
not true cholesterol. 

The uniformity of normal serum cholesterol esters indicates that the nu- 
tritional status, variation in type of food ingested previous to fasting, differ- 
ences in activity, and fluctuations in the total ester value have little if any 
effect on the ester composition. That this may vary, however, in con- 
ditions associated with various diseases, and that the shift is toward an in- 
crease in the higher fatty acid homologues are shown by our data. Since 
such a shift may indicate the presence of esters of a lower solubility in the 
blood serum, this could well be a factor in the deposition of cholesterol 
esters in the blood vessel walls. The finding that in uncontrolled diabetes 
the esters are also of the higher homologue type fits in with the fact that 
in diabetes there is a high incidence of arteriosclerosis. 

A difficulty that might introduce an error in the ester fractionation studies 
is the fact that the esters are distilled from a rather complicated lipide mix- 
ture, variable constituents of which might influence the rate of distillation 
of the esters. In attempts to rule out this possibility, our efforts to separate 
the esters from the other lipides, particularly the neutral fats, by selective 


‘We are indebted to Dr. George Loquvam of the Department of Pathology for 
the dissection and preparation of the tissues. 
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solubility, fractional crystallizations, and adsorption have always resulted 
in an alteration in the ester composition. 


SUMMARY 


A molecular still of small dimensions and high efficiency is described for 
the analytical determination of cholesterol and its esters in blood and tis- 
sues. 

The distillation curves of cholesterol and cholesterol esters from various 
sources are given. Cholesterol sublimes completely below 88° and cau be 
separated quantitatively from the cholesterol esters of the blood lipides. 

The percentage of free cholesterol in the total cholesterol of normal blood, 
as determined by distillation, agrees closely with values secured by the digi- 
tonin method, but results about 11 per cent lower are obtained in cases of 
liver disease with low ester value. 

The fractional distillation of cholesterol esters indicates a fairly uniform 
composition in healthy subjects, but the esters associated with certain dis- 
ease processes are less volatile. In uncontrolled diabetes the esters are less 
volatile than those in controlled diabetes. 

The esters of the intima of human aortas are similar in composition to 
those of serum. 
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THE DETERMINATION OF PROLINE IN PROTEIN 
HYDROLYSATES WITH LACTOBACILLUS BREVIS* 


By MAX 8S. DUNN, LAWRENCE E. McCLURE, ano R. BRUCE MERRIFIELD 
(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, December 6, 1948) 


Proline was first determined in 1901 by Fischer (2), who isolated copper 
L- and pL-proline dihydrates from an ester fraction of an acid hydrolysate 
of casein. During the ensuing three decades proline was determined 
essentially by this procedure in the hydrolysates of more than 50 pro- 
teins by Fischer (1901-11), Abderhalden (1902-36), Osborne (1906-11), 
and other workers. That data of satisfactory analytical value were prob- 
ably unobtainable by the ester method was demonstrated by Osborne and 
Jones (3), who were able to recover only about 73 per cent of the proline 
from a mixture containing eleven pure amino acids. Because of the dif- 
ficulties encountered in the ester fractionation method, proline has been 
determined by isolation as the hydantoin (4), cadmium chloride salt (5), 
picrate (6), rhodanilate (7), and the mercury salt of its N-methyl deriva- 
tive (8) from butanol extracts, copper salts, or protein hydrolysate frac- 
tions of other types. Dakin (9) determined proline by extracting protein 
hydrolysates with butanol and crystallizing the proline from ethanol 
solutions which had been treated with mercuric acetate and barium hy- 
droxide to precipitate other monoamino acids. Jones and Johns (10) 
determined proline by calculation from the total and amino nitrogen 
values of hydrolysates which had been freed from the basic amino acids 
by precipitation with phosphotungstic acid. Guest (11) proposed a 
method based on the colorimetric determination of pyrrole obtained by 
oxidation of proline; however, proline and hydroxyproline could not be 
differentiated by this procedure. 

The solubility product principle was adapted by Bergmann and Stein 
(12, 13) to the quantitative determination of proline in gelatin hydroly- 
sates. Although the method appears to yield reliable data when the nu- 
merous precautions emphasized by these authors are observed, it has not 
found wide application. Extensive data on the recovery of N-acetylpro- 
line from mixtures of acetylated amino acids have been reported by Synge 
et al. (14-16) and by Tristram (17). These authors stated that the pro- 
line values may be accurate to +5 per cent. Polson et al. (18) have de- 


* Paper 53. For Paper 52, see Rockland and Dunn (1). This work was aided by 
grants from the Nutrition Foundation, Inc., the National Institutes of Health, 
United States Public Health Service, and the University of California. 
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PROLINE DETERMINATION IN PROTEIN 


TABLE I 
Composition of Basal Medium* 


gm. gm. 
Amino acids 15.8 KH2PO, 0.3 
mes. Mineral saltst 0.24 
pL-Alanine 920 MgSO,-7H0 0.12 
L-Arginine HCl 520 FeSO,-7H,0 0.006 
Natural asparagine H,O 0.006 
L-Glutamic acid 1480 Vitaminst 10.763 
Glycine 260 Nicotinamide | 9.0 
L-Histidine HCl-H,O 260 
pu-Isoleucine 960 p-Aminobenzoic acid | 1.5 
L-Leucine 560 Biotin 
pi-Lysine HCl 2680 Calcium dl-pantothenate 900 
pi-Methionine 360. | Choline chloride 
pi-Norleucine 400 Folie acid 
pL-Norvaline 400 _| {Inositol 
pt-Phenylalanine 560 Pyridoxal HCI 120 
pi-Serine 500  Pyridoxamine 2HCl 120 
pL-Threonine 1380 Pyridoxine HCl 120 
pL-Tryptophan 160, Riboflavin 120 
L-Tyrosine 480 Thiamine chloride HC! 120 
pL-Valine 
AGTU mixture§ 120 
Carbohydrates 52.5 Adenine 30 
L-Arabinose 45.0 Guanine 30 
p-Glucose, anhydrous | 7.5 Thymine 30 
Sodium acetate 45.0 Uracil 30 
Phosphate buffer salts{ 0.6 HX mixture! 60 
K:HPO, 0.3 Hypoxanthine 30 
Xanthine 30 


* All the constituents were of c.p. quality. The medium is prepared conveniently 
as follows from the indicated quantities of constituents. Suspend the amino acids 
in 600 ml. of distilled water, add 10.0 ml. of the adenine-guanine-thymine-uracil 
solution, and stir the mixture until the amino acids dissolve. Add the glucose and 
sodium acetate and stir the suspension until the solids dissolve. Add 3.0 ml. of 
phosphate buffer salts solution, 3.0 ml. of mineral salts solution, 10.0 ml. of hypo- 
xanthine-xanthine solution, 1.00 ml. of the vitamin solution, and the arabinose. 
Stir the mixture until the solid dissolves, adjust the pH of the solution to 6.8, and 
dilute the solution to 1 liter with distilled water. Steam, but do not autoclave, the 
final solution for 20 minutes at 100°. The concentration of the constituents of the 
basal medium in the final 3.0 ml. volumes of assay solutions was two-thirds that 
indicated in Table I. 

t 0.1 x HCl solution containing 4.0 gm. of MgSO,-7H,0, 0.200 gm. of FeSO,-7H:0, 
and 0.200 gm. of MnSO,-4H;0 per 100 ml. 
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TABLE I—Concluded 


t 50 per cent ethanol solution containing 45.0 mg. of calcium dl-pantothenate, 
450 mg. of nicotinamide, 1.00 mg. of folie acid, 0.075 mg. each of biotin and p-amino- 
benzoic acid, and 6.0 mg. each of the other vitamins listed per liter. 

§ 0.5 N HCI solution containing 0.30 gm. each of adenine, guanine, thymine, and 
uracil. 

| 0.6 n NaOH solution containing 0.30 gm. each of hypoxanthine and xanthine. 

§ Distilled water solution containing 10.0 gm. of K,HPO, and 10.0 gm. of KH,PO, 
per 100 ml. 


scribed a method for the determination of proline by paper chromatog- 
raphy and ninhydrin analysis. 

With the advent in 1943 of microbiological methods for the determina- 
tion of amino acids it seemed a reasonable expectation that a satisfactory 
procedure could be developed for proline. That Leuconostoc mesenteroides 
P-60 might be employed for this purpose was indicated in 1944 by the 
report (19) that proline was essential for the growth of this organism. 
Two other lactic acid bacteria, Lactobacillus arabinosus 17-5 (20) and 
Lactobacillus fermenti 36 (21), have been shown not to require proline. 
Values have been reported, subsequently, for proline,! determined micro- 
biologically with Leuconostoc mesenteroides P-60 and different basal media, 
including one described by the present authors (19). While the data ob- 
tained for proline in corn steep liquor (25), botulinum toxin (26), urine of 
mice (27) and humans (28), plant viruses (29), and purified proteins (30—- 
34) appear to be satisfactory for comparative purposes, there is little basis, 
other than approximate agreement with literature values, on which to 
judge their probable accuracy. 

Because of the observation (35) in 1947 that proline was synthesized by 
Leuconostoc mesenteroides P-60 after prolonged incubation on an enriched 
basal medium, it seemed probable that this amino acid could not be de- 
termined with high precision and accuracy with this organism and any 
available near optimal or suboptimal basal medium. It was conceivable 
that the incompleteness of the latter might be overcome by nutrients 
introduced into the assay solution by the test sample. In searching for a 
more promising organism a systematic study? was made of the nutritional 
requirements of five organisms which, as had been shown previously, 
synthesized proline only slowly even on an enriched basal medium (35) 
and produced a relatively large amount of acid on the same medium con- 
taining arabinose rather than glucose (36). The organisms investigated 


1 Proline has been determined in several proteins by Brand et al. (22), who em- 
ployed a prolineless mutant of Neurospora crassa and an unpublished method. A 
mutant strain of Escherichia coli which grows or'y in the presence of proline has 
been investigated by Tatum (23) and by Simmonds and Fruton (24). 

*To be reported in a forthcoming paper. 
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TaBLe II 


Proline Found in Casein, Silk Fibroin, and Amino Actd Test Mixtures Simulating 
These Proteins* 


Samplet Per cent proline | 

Casein I hydrolyzed** + 4% proline. (2.3) 

Silk Fibroin II hydrolyzed** + 4% proline................. 
II + 4% proline hydrolyzed** ...... (2.8) 

tt hydrolyzed** + 4% (total) proline ........ 98 (1.6) 

se tt + 4% (total) hydrolyzed**....... | (1.8) 


° The purified sample of L-proline employed as the standard contained negligible 
moisture and ash. Its nitrogen content was 99.6 per cent of the theoretical amount 
and the specific rotation was [a] 75° = —85.23° in water where c = 1.4951, 1 = 4.0, 
and a = —5.097°. Another sample of L-proline, obtained through the courtesy of 
Dr. E. E. Howe (Merck and Company), was reported to be 99.5 per cent pure accord- 
ing to phase rule solubility 4etermination. The specific rotation of this sample was 
found to be [a] *4*° = —84.79° and its activity towards Lactobacillus brevis 97.1 
per cent that of the authors’ preparation. Each value recorded for Casein I, Silk 
Fibroin I, casein test mixture X 4, and casein test mixture X 10 is a single deter- 
mination. Each value recorded for Casein II, Silk Fibroin II, casein test mixture 
X< 5, casein test mixture X 15, and silk fibroin test mixture is the average of two 
closely agreeing percentages found in separate experiments. Each value recorded 
for casein test mixture X 1, casein test mixture hydrolyzed plus proline, and casein 
test mixture plus proline hydrolyzed is the average of three closely agreeing per- 
centages found in separate experiments. Each figure in the parentheses represents 
the mean deviation from the mean found for proline at the different levels of sample. 

t p-Proline (6 to 34 y) in pi-proline, hydroxy-t-proline (10 to 5000 pL-orni- 
thine HCl (10 to 5000 y), and L-pyroglutamic acid (8 to 4000 y) were inactive within 
detectable limits towards Lactobacillus brevis. 

t Described previously (38), containing 6.21 per cent moisture, 0.55 per cent 
ash, and 15.60 per cent nitrogen corrected for moisture and ash. 

§ Prepared essentially as described previously (38) and containing 9.66 per cent 
moisture, 0.63 per cent ash, and 15.35 per cent nitrogen corrected for moisture and 
ash. 

|| Described previously (38), containing’ 5.68 per cent moisture, 0.25 per cent 
ash, and 18.7 per cent nitrogen corrected for moisture and ash. 


ESD 


tr 

4 
i 
| 
; 
\ 
| 
LO 
gr¢ 
fo 
On 
pe 
ale 
Cul 
pre 
\ pre 
| 


DUNN, MCCLURE, AND MERRIFIELD 15 


TaB_Le II—Concluded 


€ Prepared essentially as described previously (38) and containing 1.12 per cent 
moisture, 0.0 per cent ash, and 17.95 per cent nitrogen corrected for moisture and 
ash. 

** By heating approximately 1.0 gm. sample of protein or amino acid test mix- 
ture with 10 ml. of 5.97 nN HCI for 18 hours at 120° in a Leiboff urea tube in an elec- 
trically heated Leiboff urea apparatus. 

tt Composition essentially the same as that given previously (38). 

tt Composition essentially the same as that given previously (39), except for the 
addition of 2.8 per cent of L-aspartic acid, 0.40 per cent of L-tryptophan, and 6.8 
per cent of pL-valine. 


were Lactobacillus lycopersici (4005),3 Lactobacillus pentoaceticus (367), 
Leuconostoc mesenteroides P-60 (8042), Leuconostoc citrovorum (8081), and 
Lactobacillus brevis (8257). A microbiological procedure for the determi- 
nation of proline with Lactobacillus brevis and the arabinose-containing 
basal medium given in Table I is described in the present paper. 


EXPERIMENTAL 


The assay techniques were essentially the same as those described by 
Dunn et al. (37). The protein hydrolysates, the inoculum suspensions 
and solutions of the basal media, amino acid test mixtures, the standard 
amino acid and sodium chloride were delivered to 4 inch test-tubes with 
the aid of a Brewer automatic pipette (Baltimore Biological Laboratories). 
All solutions, except the basal media, were adjusted to the same concen- 
tration of sodium chloride to compensate for any stimulatory or inhibitory 
effects of this salt. The standard (fifteen levels), the amino acid test 
mixtures (ten levels), and the protein hydrolysates (ten levels) were each 
run in quadruplicate or triplicate. 

All solutions (final volume, 3.0 ml. per 4 inch test-tube) were adjusted 
to pH 6.8 and sterilized by being steamed for 20 minutes at 100°. Solu- 
tions autoclaved for 10 minutes were colored deep orange. The inoculum 
was prepared by inoculating the previously described medium (37) with 
growth from a tomato juice-agar stab, incubating the inoculated solution 
for 24 hours at 35°, centrifuging the suspension, and washing the cells 
once with saline. Each assay tube was inoculated with 0.10 ml. of a sus- 
pension of the washed cells diluted with saline to an optical density equiv- 
alent to about 90 per cent transmission. The inoculated tubes were in- 
cubated for 72 hours at approximately 34°. 

Satisfactory assay values were obtained over the range, 6 to 42 y, of 
proline. At the 42 y level of proline, acid was produced equivalent ap- 
proximately to 19 ml. of 0.03 n NaOH (per 3.0 ml. final volume of solu- 


*American Type Culture Collection number. 
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tion per tube). Acid equal to about 1.7 ml. of 0.03 N NaOH was formed 
in each blank tube. Acid production in the standard and test sample 
tubes differed by 1.5 + 0.9 per cent. The experimental results are shown 
in Table IT. 


DISCUSSION 


The described assay procedure is considered to be satisfactory because 
acid production was relatively high, the standard curves were smooth and 
uniform except for a lag period up to 3 y of proline, relatively little acid 
was formed in the blank tubes, and there was no evidence of any stimula- 
tory or inhibitory effects. The recoveries of proline from amino acid test 
mixtures simulating the composition of casein and silk fibroin averaged 97 
(93 to 102) per cent and the recovery of proline added to two different 
casein and two different silk fibroin samples, before and after hydrolysis 
of the protein or the mixtures, averaged 100 (96 to 104) per cent. 

Some additional observations of particular significance were that the 
activity of L-proline was inappreciably altered by heating it for 18 hours 
at 120° with 6 n HCl in the presence and absence of other amino acids, 
and that hydroxy-L-proline, pL-ornithine, and L-pyroglutamic acid were 
inactive towards Lactobacillus brevis. The authors’ method was found 
adaptable without significant decrease in precision or probable accuracy 
to assays of a protein (silk fibroin) and amino acid test mixtures with rela- 
tively low (about 0.5 per cent) proline content. 

Proline in Casein 

The proline found in casein (corrected for moisture and ash) averaged 
10.5 (10.3 and 10.7) per cent for two samples of casein. This value is in 
good agreement with that (10.6 per cent) which Tristram‘ found by par- 
tition chromatography for a sample of casein containing 15.65 per cent 
nitrogen. This percentage of proline was considered to be reliable to +2 
per cent. Other values for proline in casein, both higher and lower than 
the percentage obtained in the present experiments, have been reported. 
These percentages include (a) 11.6 + 0.7 (32), 11.2 (34), and 9.36 (31), 
determined microbiologically with Leuconostoc mesenteroides P-6O0, (b) 8.2 
(11) and 8.1 (41) determined »y colorimetric analysis of a degradation 
product (pyrrole), (c) 4.7 to about 10 (42-47), determined by calculation 
from the non-amino nitrogen of an ester fraction soluble in ethanol, (d) 
6.7 (8) determined as the mercury double salt of stachydrin (dimethyl- 
betaine of proline), and (e) 0.6 to 3.5 (1, 48-50) determined by isolation 
of the copper salt from an ester fraction. 


* Quoted by Chibnall (40). 
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Proline in Silk Fibroin 


The proline found in silk fibroin (corrected for moisture and ash) aver- 


aged 0.57 (0.55 and 0.58) per cent for two samples of silk fibroin. The 
proline content of silk fibroin prepared from silk proteins obtained from 
different sources has been found to vary from about 0.7 to 2.5 per cent by 
Abderhalden et al. (50-60) and other investigators (61, 62) on the basis 
of the copper salt isolated from ester fractions. 


SUMMARY 


A microbiological method has been described for the determination of 


proline in protein hydrolysates with Lactobacillus brevis. It was found 
that the proline content of moisture- and ash-free casein and siik fibroin 
was 10.5 and 0.57 per cent, respectively. 
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THE ROLE OF PTEROYLGLUTAMIC ACID IN TYROSINE 
OXIDATION BY RAT LIVER TISSUE 


Br GERTRUDE RODNEY, MARIAN E. SWENDSEID, ann ANN L. SWANSON 
(From the Research Laboratories of Parke, Davis and Company, Detroit) 


(Received for publication, December 9, 1948) 


In so far as their function in nutrition is defined, the vitamins have been 
found to be essential components of several enzyme systems (1). In this 
connection there is evidence that the vitamin, pteroylglutamic acid 
(PGA), is necessary in an enzyme system concerned with oxidation of the 
amino acid tyrosine. Experiments have shown that livers from rats with 
a PGA deficiency produced by incorporating succinylsulfathiazole in the 
diet have a lowered capacity to oxidize tyrosine (2), and that tyrosine 
metabolites disappear from the urine of vitamin C-deficient guinea pigs 
when PGA is administered (3). More indirect is the evidence that un- 
treated pernicious anemia patients, who presumably are deficient in PGA 
(4), cannot properly oxidize tyrosine (5). 

It is the purpose of this paper to present in detail our experiments on 
the oxidation of tyrosine by liver tissue from rats with a PGA deficiency 
induced by succinylsulfathiazole (2). It will be shown that the rate of 
tyrosine oxidation for these livers is lower than for normal liver and that 
the rate can be increased by the addition of PGA, but not by pteroylhep- 
taglutamic acid, a naturally occurring conjugate of PGA, or by liver ex- 
tract containing the antipernicious anemia (APA) principle. 

These results will be compared and contrasted with those obtained in 
a new series of experiments in which the PGA inhibitor 4-aminopteroyl- 
glutamic acid is employed to produce a PGA deficiency state. 


EXPERIMENTAL 


Liver tissue was obtained from rats which had been maintained on the 
succinylsulfathiazole-containing diet of Daft and Sebrell (6) until leuco- 
penia developed. ‘This leucopenic state was taken as evidence that the 
animal was deficient in PGA. Further proof of the existence of a PGA 
deficiency was afforded by actual determination by a microbiological as- 
say (7) of the PGA content of liver tissue from these animals. As is shown 
in Table I, the concentration of PGA in liver from rats receiving succinyl- 
sulfathiazole was much lower (less than 10 per cent) than that of liver from 
rats without this dietary supplement, when assayed either directly or after 
treatment under conditions simulating those in a Warburg experiment. 
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To determine the rate of tyrosine oxidation, livers from three to five 
animals were pooled and homogenized in a Waring blendor for 15 seconds, 
with M/15 phosphate buffer of pH 7.2 in an amount to give a concentra- 
tion of 0.25 gm., wet weight, per ml. The oxidation of 0.5 gm. ef L-tyro- 
sine by 2 ml. of the suspensions was determined over a 2 hour period in the 
Warburg apparatus at 37°. In computing oxygen uptake, averages of 
three flasks were used. Nitrogen determinations on the different liver 
suspensions showed a relatively constant protein content per ml. To de- 
termine the fate of the tyrosine after incubation analysis for residual ty- 
rosine was carried out on the pooled contents of the flasks used with each 
substance. The values so obtained agreed well with those calculated from 
the oxygen consumption. The oxygen uptake due to the utilization of 
the tyrosine was observed for normal and PGA-deficient liver tissue, and 
for PGA-deficient liver tissue to which PGA or PGA conjugate was added. 


TaBLe I 
Pteroylglutamic Acid Content of Rat Liver Tissue 


PGA content of 


Rat group No. | Diet supplement Preassay treatment of liver ra 
y per gm. 
1 None 4.5 
1 | 2 hrs., 37°, pH 7.2 3.6 
2 Succinylsulfathiazole 0.02 
2 2hrs., 37°, pH 7.2 0.22 


A summary of the studies under these conditions (Table I1) shows that 
in all of the experiments the oxidation of tyrosine by liver suspensions from 
the succinylsulfathiazole-induced PGA-deficient animals was less than 
that from normal rat livers. The addition of 10 y of crystalline PGA per 
flask at least partially restored the oxidation. However, tyrosine oxida- 
tion was not affected by the conjugate, pteroylheptaglutamic acid, con- 
taining an equivalent amount of PGA. 

Data in Table II also show the effect of liver extract containing the 
APA principle on the rate of tyrosine oxidation by PGA-deficient liver tis- 
sue. To the PGA-deficient homogenate 0.1 ml. per flask of phenol-free, 
15 unit liver extract was added. No stimulation of tyrosine oxidation 
was noted, and in fact a decrease was observed with normal and PGA- 
deficient liver suspensions. Dilution of the liver extract to the point at 
which no inhibition occurred did not show any effect on tyrosine oxida- 
tion. 

Recent experiments have reported the effects of a powerful antagonist 
of PGA, 4-amino-PGA, in producing a PGA deficiency syndrome in vari- 
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ous animals including the rai (8, 9). It was of interest, therefore, to de- 
termine whether this inhibitor of PGA could affect the rate of tyrosine 
oxidation by liver tissue. Accordingly, 4-amino-PGA was added to nor- 
mal liver suspensions and the tyrosine oxidation values were obtained as 
in the previous experiments. No effect on tyrosine oxidation was observed 
(Table II[) when the antagonist was added in amounts up to 160 times 
(200 y per ml.) the determined PGA content of liver (5 y per gm.). 


TABLe II 


Tyrosine Oxidation by Liver Tissue from Rats with Succinylsulfathiazole-Induced 
PGA Deficiency 


The results are expressed in ¢.mm. of QO». 


PGA-deficient liver 


Experiment No. Normal liver . 
Control PGA added | ~ ~ 

l 66.5 17.5 23.0 | 
2 77.6 19.6 34.1 | 21.9 
3 18.6 19.3 26.8 
5 67.0 32.3 os 
tb 56.2 28.3 40.9 27.0 
ry 48.5 19.3 26.8 13.3° 
56.2 28.8 37.2 | 4.3* 
9 64.7 27.1 | 42.6 
10 60.1 36.9 | 57.0 
| 7.4° 
12 41.9 4.6* 
13 63.0 48.3t 

Mean...... 61.3 26.8 | 37.4 | 23.0 


* 0.1 ml. of liver extract per flask. 
t 0.0001 ml. of liver extract per flask. 


It was found, however, that liver tissue from rats fed a diet containing 
4-amino-PGA until a PGA deficiency syndrome developed was unable to 
oxidize tyrosine at a rate comparable to that of liver tissue from control 
rats (Table III). In contrast to results obtained with liver tissue from 
rats with a succinylsulfathiazole-induced PGA deficiency, the addition of 
PGA to liver tissue from inhibitor-fed rats in amounts up to 1 mg. per ml. 
of liver had no effect in restoring tyrosine oxidation. ‘The effect of liver 
extract was also studied, and again no stimulation of tyrosine oxidation 
was noted with amounts of liver extract ranging from 0.0001 to 0.1 ml. per 
flask. Three experiments were carried out in which 1.04 y of a vitamin 
Bi: concentrate were added to flasks containing PGA-deficient liver 
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homogenate, but no stimulation of tyrosine oxidation was observed under 
these conditions. However, liver tissue from rats receiving the same 
amount of inhibitor with a supplement of either PGA or liver extract in 
sufficient quantities to maintain a normal blood picture (8) had a tyrosine 
oxidation rate equivalent to normal liver controls. Since ascorbic acid 
has an effect on tyrosine oxidation in scorbutic guinea pigs (10), ascorbic 
acid was added to liver homogenates from both succinylsulfathiazole- and 


III 
Tyrosine Oxidation by Liver Tissue from Rats with Inhibitor-Induced PGA Deficiency 
The results are expressed in c.mm. of O:. 


Normal liver PGA-deficient liver 
Experiment min 
No. Con- Con- 
tro] | Inhibitor added | PGA added | Liver extract added | 
| trate 
added 
1  |60.1 24.7) 27.6 (10 y)* 
2 42.4 28.0; 20.6 (10 ‘‘)* 48 .2t 
3 67.8, 25.3 (20 ‘‘)* 
4 63.0 48.5 47.8 (30 ‘‘)* 7.1 (0.1 ml.)} 37.7)\72.8§ 
5 56.4 36.5, 32.0 (1 mg.)* | 17.5 (0.01 ml.)f 52.4§ 
6 (64.7; 61.8 (200 y)|| (36.1 34.2 (0.0001 )t 
7 46.3, 45.9 (250 ‘‘)|| | 
8 61.2 66.8 (500 ‘‘)!| 
Mean . .|57.7| 58.1 33.8 30.6 19.6 82.263.5 


* Amount of PGA per flask. 

t PGA administered. 

t Amount of liver extract per flask. 
§ Liver extract administered. 

|| Amount of 4-amino-PGA per flask. 


inhibitor-induced PGA-deficient animals. The addition of 0.25 mg. of 
ascorbic acid per flask had no effect on the tyrosine oxidation rate. 


DISCUSSION 


It has been shown that liver tissue homogenates from rats with a PGA 
deficiency syndrome induced by dietary supplements of either succinyl- 
sulfathiazole or a PGA inhibitor are unable to oxidize tyrosine at a normal 
rate. Further, the addition of PGA itself, under experimental conditions 
already described, increases the tyrosine oxidation rate of these liver ho- 
mogenates. This is taken as evidence that PGA is an essential component 
of the tyrosine oxidative process. 


ti 
n 
n 
[ 


| 
i 
4 
| 


G. RODNEY, M. EB. SWENDSELD, AND A. L. SWANSON 23 


In most of the experiments with succinylsulfathiazole-induced PGA-de- 
ficient liver tissue the addition of PGA in vitro effected only a partial res- 
toration of the tyrosine oxidation rate, although a greater amount of 
PGA was added than is present in normal rat liver. It has been established 
that PGA is present in animal tissue predominantly as a conjugate (11), 
and the question therefore arises as to whether this conjugate is the meta- 
bolically active form of the vitamin. Since PGA conjugate (pteroylhep- 
taglutamic acid), in contrast to PGA itself, had no effect on increasing the 
tyrosine oxidation rate of PGA-deficient liver tissue, it must be concluded 
that for its rdle in the tyrosine oxidative process, at least, PGA must fune- 
tion not in the conjugated but in the free form. 

It has recently been shown (12) that a biotin antagonist could not dis- 
place the vitamin in vitro, but only affected the action of biotin added to 
biotin-deficient liver preparations. The finding that 4-amino-PGA will 
not affect the oxidation of tyrosine by rat liver tissue in vitro but that liver 
homogenates from 4-amino-PGA-fed rats are unable to oxidize tyrosine 
may be of similar significance in attempting to explain the mechanism of 
action of the antagonist. The results obtained with tyrosine oxidation 
of liver tissue from rats fed diets containing both 4-amino-PGA and PGA 
itself are proof that as far as tyrosine oxidation is concerned in vivo the 
action of 4-amino-PGA is completely reversed by PGA. 

Reversal in vivo of 4-amino-PGA action was also obtained when liver 
extract was substituted for PGA. Hence, apparently there is a substance 
in liver extract that acts either directly or indirectly on the tyrosine oxi- 
dation process. Additional evidence for this is to be found in the recent 
report of Sealock and Lepow (13), wherein they show that APA liver ex- 
tracts will return urinary tyrosyl values of scorbutic guinea pigs to normal 
levels. They were unable to demonstrate any effect on oxidation of ty- 
rosine in vitro by liver slices from scorbutic guinea pigs. The experiments 
reported here are similar in that no effect on tyrosine metabolism was 
shown by either liver extract or vitamin B,2 concentrate in vitro. Whether 
this substance in liver extract affecting tyrosine oxidation is actually the 
APA liver principle or vitamin By: remains to be determined. Some 
evidence is afforded by experiments showing that patients with pernicious 
anemia excrete large amounts of tyrosine metabolites, a condition that is 
corrected by treatment with liver extract (5). 

With scorbutic guinea pigs it has been found (13) that tyrosine oxida- 
tion is impaired, and that the addition of ascorbic acid will restore it to 
normal. Woodruff and Darby (3) reported that PGA would return uri- 
nary tyrosyl values to normal in scorbutic animals, and Johnson and 
Dana (14) showed that ascorbic acid produced improvement in vivo of a 
succinylsulfathiazole-induced PGA deficiency in rats. This improve- 
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ment was not complete, and PGA was necessary for marked reticulocyte 
response. However, it has been shown here that the addition of ascorbic 
acid to the PGA-deficient liver suspensions had no effect on tyrosine oxi- 
dation under the conditions of these experiments. 


SUMMARY 


Liver tissue from rats with a succinylsulfathiazole-induced PGA defi. 
ciency shows a decreased oxidation of tyrosine compared with normal 
liver tissue. The oxidation of tyrosine can be partially restored by the 
addition in vitro of PGA, but not by PGA conjugate or by liver extract. 

Liver tissue from rats with PGA deficiency induced by feeding 4-amino- 
PGA also shows a decreased tyrosine oxidation. ‘This effect cannot be 
reversed by the addition in vitro of PGA, liver extract, or vitamin By, 
concentrate but can be reversed by the administration in vivo of either 
PGA or liver extract. The addition of 4-amino-PGA in vitro to normal 
rat liver tissue does not affect the rate of tyrosine oxidation. 
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THE ESTIMATION OF ANTIPYRINE IN BIOLOGICAL 
MATERIALS* 
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BETTY B. LEVY 


(From the Research Service, Third (New York University) Medical Division, Goldwater 
Memorial Hospital, the Departments of Biochemistry and Medicine, 
New York University College of Medicine, and the Laboratory of 
Industrial Hygiene, New York) 


(Received for publication, December 9, 1948) 


A means of measuring the total water of the body in vivo has been de- 
veloped (1). This method involves the use of antipyrine (1-phenyl-2,3- 
dimethylpyrazolone-5-one), the well known analgesic and antipyretic. 

Two methods for the determination of this compound in biological ma- 
terials are described in this report. The first, an extraction procedure, is 
suitable for its estimation in biological fluids and tissues. In this pro- 
cedure antipyrine is extracted from the biological material with chloro- 
form, the solvent evaporated, and the residue dissolved in dilute sulfuric 
acid. Sodium nitrite is added and the resulting 4-nitrosoantipyrine meas- 
ured in a spectrophotometer at 350 mu. This procedure, as indicated by 
a distribution technique (2, 3), possesses a high degree of specificity. 

The second method, suitable for plasma, involves the estimation of the 
antipyrine directly in the plasma filtrate after deproteinization with zine 
hydroxide. The speed and simplicity of this method recommend it for 
routine use. This procedure also has a high degree of specificity. 


Extraction Procedure 


Reagents—- 

1. Standard antipyrine solution, 100 mg. per liter. 100 mg. of anti- 
pyrine are dissolved in water and diluted to 1 liter. Working standards 
are made by diluting the stock solution with 0.07 N sulfuric acid. 

2. Chloroform. A reagent grade of chloroform is washed successively 
with 1 nN NaOH, 1 n HCl, and three times with water. 

3. 1 N NaOH. 

4. 0.07 N sulfuric acid. 

5. 0.2 per cent sodium nitrite solution. 

Procedure-Add 1 to 5 ml. of biological material! and 0.5 ml. of 1 N 


* The work described in this paper was supported by a grant from the Institute 
for the Study of Analgesic and Sedative Drugs. 

‘Organ tissues and feces are prepared for analysis by emulsification in acid as 
described in a previous paper (2). 
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NaOH to a 60 ml. glass-stoppered bottle containing 20 ml. of chloroform. 
Shake for 10 minutes on a shaking apparatus. Transfer the contents of 
the bottle to a 30 ml. test-tube and centrifuge. Remove the aqueous 
layer by aspiration. Transfer 15 ml. of the solvent phase to a small 
beaker. Evaporate the chloroform to dryness at room temperature 
in a current of air. Dissolve the residue in 4 ml. of 0.07 N sulfuric acid. 
Transfer 3 ml. of the acid solution to a Corex or quartz cuvette and 
determine the optical density of the solution at 350 my in an ultraviolet 
spectrophotometer (Beckman). 0.07 N sulfuric acid is used for the 
zero setting. Add 2 drops of sodium nitrite solution to both the unknown 
and the zero setting, and read the optical density again after 20 minutes. 
Subtract from this the optical density obtained before the addition of 
the nitrite* Blank plasma, urine, or tissue run through the above proce- 
dure gives a negligible blank. 


Precipitation Procedure 


Reagents— 

1. Zine reagent. 100 gm. of ZnSO,-7H.O and 40 ml. of 6 N sulfuric 
acid are dissolved in water and diluted to 1 liter. 

2. 0.75 N sodium hydroxide. 

3. 4.N sulfuric acid. 

4. 0.2 per cent sodium nitrite solution. 

Procedure—To 2 ml. of plasma in a 50 ml. Erlenmeyer flask add 2 ml. 
of water and 2 ml. of zinc reagent. Add 2 ml. of 0.75 N sodium hydroxide 
drop by drop, with continuous swirling of the flask, and then shake for an 
additional half minute. After 10 minutes centrifuge at about 3500 
R.P.M. for 15 minutes. Transfer 3 ml. of the clear supernatant fluid to a 
Corex or quartz cuvette, and add 1 drop of 4 N sulfuric acid. Read the 
optical density at 350 mu. 3 mi. of water plus 1 drop of 4 N sulfuric acid 
are used for the zero setting. Add 2 drops of 0.2 per cent sodium nitrite 
solution to both the unknown and the zero setting and read the optical 
density again after 20 minutes.? Subtract from this the optical density 
obtained before the addition of the nitrite.*~ Normal plasma run through 


the procedure results in a small blank varying from 0 to 2 y per ml. of 


plasma. 
Standard Curve Standards are prepared by placing 3 mi. of a known 
solution of antipyrine in 0.07 N sulfuric acid in a Corex or quartz cuvette 


? The optical density reaches a maximum in about 20 minutes and fades slowly 
after about 35 minutes. 

3The small optical density of the solution prior to the addition of the nitrite 
is not changed by the addition of nitrite and may therefore be corrected for by sub- 
tracting its reading from the final reading. 
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and reading the optical density before and after the addition of sodium 
nitrite. 0.07 N sulfuric acid similarly treated is used as a zero setting. 
The optical densities are proportional to concentration. A concentration 
of 10 y per ml. of antipyrine gives an optical density of about 0.350. 
Standards are run with each set of determinations, since there is a daily 
variation of about 3 per cent in the optical density. 


TABLE I 


Recovery of Antipyrine Added to Plasma 


Extraction procedure Precipitation procedure 


y y per cent y per ml. plasma vy per ml. plasma per cent 
10 10.3 103 12.5 12.3 98 
11.0 110 12.0 96 
10.1 101 20 20.0 100 
10.3 103 19.8 99 
20 19.6 YS 19.8 9Y 
19.8 oY 20.0 100 
19.8 99 19.8 9Y 
19.58 99 20.0 100 
20.0 100 40) 38.58 97 
20.0 100 39.6 99 
30 29.1 97 39.6 99 
27.9 93 40.8 102 
50 52.0 104 39.0 YS 
51.0 102 
48.0 96 
48.0 96 
Results 


Antipyrine added to plasma was recovered with adequate accuracy by 
both the extraction and precipitation procedures (Table 1). Equally 
good results were obtained for other tissues with the extraction procedure. 
Analysis of plasma and urine stored in the refrigerator over a period of 
several days gave reproducible results, indicating that the compound is 
stable in biological fluids. 


Specificily 
It is important to know the identity of the substance measured, since 


the inclusion in the measurement of transformation products of antipy- 
rine would invalidate the results. 
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The possible interference of metabolites of antipyrine was examined by 
the distribution technique (2, 3). The distributions of authentic anti- 
pyrine between ethylene dichloride and water at various pH values and 
between benzene and water at various pH values were compared with 
those of the apparent antipyrine extracted from plasma. This plasma 
was obtained from a human subject 5 hours after the oral administration 
of a 1 gm. dose. Within experimental! error the distribution of the ap- 
parent antipyrine in plasma was the same as that of authentic antipyrine 
(Table II). It was concluded, therefore, that the material measured in 
plasma and presumably other tissues was actually antipyrine. 


TaB_e II 


Distribution of Antipyrine and Apparent Antipyrine between Ethylene Dichloride and 
Water and Benzene and Water at Various pH Values 


The apparent antipyrine was obtained by extraction with chloroform of the 
plasma of a subject who had received antipyrine. The chloroform solution was 
evaporated to dryness and the residue dissolved in water. Aliquots of this solution 
and of an authentic antipyrine solution were adjusted to various pH values and 
extracted with 2 volumes of benzene or ethylene dichloride. The fraction of the 
compounds extracted at various pH values is expressed as the ratio of the amount 
of compound in the organic phase to the total compound. 


Solvent pH | 
Ethylene dichloride...._ 7 | 0.94 | 0.97 
1 (0.1 HCl) 0.72 | 0.73 
1 (0.1 nw HCl) 0.35 0.36 


The plasma of subjects to whom antipyrine had been administered was 
analyzed by both the extraction and precipitation procedures. Both pro- 
cedures yielded the same result, indicating that the precipitation procedure 
was as specific for plasma as was the extraction method. 

The following drugs were tested for their interference in the procedure 
for antipyrine: phenacetin, aspirin, caffeine, codeine, morphine, atropine, 
sulfanilamide, sulfadiazine, phenobarbital, penicillin G, pentobarbital, 
acetanilide, pyramidon, demerol. With the exception of sulfadiazine, 
these drugs do not absorb light at 350 mu, either before or after the addi- 
tion of nitrous acid. Sulfadiazine interferes in the antipyrine procedure, 
since it not only absorbs light at 350 mu, but this absorption is increased 
by the addition of nitrous acid. 
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SUMMARY 


Two methods are described for the estimation of antipyrine in biological 
fluids and tissues. In the first, antipyrine is extracted from the biologi- 
cal material with chloroform, the solvent evaporated, and the residue dis- 
solved in dilute sulfuric acid. Sodium nitrite is added and the resulting 
4-nitrosoantipyrine measured spectrophotometrically. 

The second method, suitable for plasma, permits the estimation of the 
antipyrine directly in plasma filtrate after deproteinization with zine hy- 
droxide. 

The methods are specific for antipyrine in that they do not include any 
transformation products of the compound. 
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THE USE OF ANTIPYRINE IN THE MEASUREMENT OF TOTAL 
BODY WATER IN MAN* 
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(Received for publication, December 9, 1948) 


Most methods for measuring the total water content of the body in vivo 
have been based on the degree of dilution of a foreign substance after its 
intravenous injection. These methods, recently reviewed by Pace (1), are 
in general unsatisfactory because the substances employed are not dis- 
tributed evenly throughout the water of the bodv. Exceptions to this 
criticism are deuterium and tritium oxides (1-3), which presumably are 
distributed throughout the body like ordinary water. However, the cost- 
liness of these compounds and the complicated apparatus and techniques 
involved in their measurement make their use inconvenient. The pro- 
portion of water in the body may also be calculated from the subject’s 
specific gravity (4), but this measurement is also laborious (5, 6) and there 
remains a need for a simple and accurate measure of body water. 

For measurements of body water a substance should possess the follow- 
ing characteristics: (1) even and rapid distribution throughout body 
water; (2) non-toxicity in required doses; (3) slow transformation in, and 
slow excretion from, the body; (4) accurate and convenient estimation of 
its concentration in the plasma. 

Prior studies in this laboratory on the distribution of antipyrine (1- 
phenyl-2 ,3-dimethylpyrazolone-5-one) in the dog indicated that it was 
distributed in tissues in proportion to their water content.! The possi- 
bility that antipyrine might be used in the measurement of total body 
water in vivo was therefore explored, and the results indicate that antipy- 
rine fulfills the above requirements to a reasonably satisfactory degree. 

Methods —Antipyrine in biological material was measured by a method 
previously reported (7). Deuterium oxide in plasma was measured by a 
modification of the method of Keston, Rittenberg, and Schoenheimer (8). 


*The work described in this paper was supported by grants from the Institute 
for the Study of Analgesic and Sedative Drugs and from the Division of Research 


Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service. 


‘Brodie, B. B., and Axelrod, J., in preparation. 
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Results 
Distribution in Body Tissues 


The distribution of antipyrine was examined in representative tissues 
of two dogs given antipyrine intravenously. The tissues of one dog were 
examined 14 hours and those of the other 2} hours after the injection. 
The animals were killed by an intravenous injection of air and the tissues 
sampled immediately. The tissue water was determined by drying to 
constant weight at 95-100°. The tissue concentration of antipyrine was 


TABLe I 
Distribution of Antipyrine in Water of Dog Tissues 
Dog 1 received 1.5 gm. and Dog 2 received 3 gm. of antipyrine intravenously. 
The tissues were examined 14 and 2} hours, respectively, following injection. 


| Ratio, 
| Antipyrine in tissue water ‘tissue water antipyrine 


Tissue plasma water antipyrine 
Dog 1 Dog 2 Dog 7 of Des 2 
omg. per I. mg. perl. 
Plasma... 29.2 54.6 
Heart... 31.1 6.8 | 1.07 1.04 
Muscle 1. 30.6 51.0 | 1.05 0.94 
30.7 54.6 1.05 1.00 
Spleen... 30.1 1.03 
Kidney... 32.5 61.3 
Liver..... 30.4 60.0 1.04 | 1.10 
Lung...... 24.3 47.1 0.83 | 0.86 
28.9 | 0.99 | 
Cerebrospinal fluid. 25.7 Ba. 1: 
Average. . | ae 
Adipose tissue. Abdomiaal | 6.3 | 0.90 
Groin..... | 26.9 0.92 
| 28.9 


Perirenal . | 


measured and calculated in terms of tissue water. The antipyrine con- 
centration in the water of various tissues was found to be nearly the 
same as that in plasma water, with the exception that the concentra- 
tions were somewhat low in the lung and somewhat high in the kidney 
(Table 1). It appears that the concentration of antipyrine in tissues 
is determined chiefly by their water content. 

The distribution of antipyrine in man was then studied. The tissues of 
two patients who were receiving antipyrine orally for several days prior to 
death were analyzed post mortem. Each had received the last dose ol 
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antipyrine about 5 hours before death. The tissue samples were removed 
and homogenized within 4 hours post mortem. A sample of blood was not 
obtained from the first patient. It is apparent that there is a relatively 
equal distribution of antipyrine in the water of the tissues, with the ex- 
ception that the concentrations in the lung were somewhat low and in the 
liver somewhat high (Table 11). Since the value for muscle in Subject 2 
was low, additional specimens were obtained at surgical operation from 


II 
Distribution of Antipyrine in Water of Human Tissues 


Both patients received antipyrine orally for several days prior to death and re- 
ceived their last dose about 5 hours before death. The tissues were removed for 
analysis within 4 hours post mortem. 


Ratio, 
tissue water antipyrine_ 


tissue water 


Tissue plasma water antipyrine 
Subject 1 Subject 2 Subject 2 Subject 3* Subject 4° 
me. perl. mg. pert | | 
Plasma . 78.7 | 
Heart. | 88.0 | 78.0 0.99 
Kidney 87.0 | 78.5 | 1.00 | 
Liver. 103.0 | 93.0 | 1.18 | 
Muscle 1. | 90.0 | 65.5 | 0.83 | 1.04 | 1.06 
ie (| 96.0 | | | | 
Spleen. | 94.0 | 72.0 ; 0.92 | 
Lung | $8.0 | 70.5 | 0.90 | 
See 95.0 | 74.0 | 0.94 | 
Pericardial fluid | | 75.1 | 0.95 — 
Average .| 0.96 


, Spkcimens of muscle from Subjects 3 and 4 were obtained at surgical operation 
from two patients who had received antipyrine. 


two patients who had previously been given antipyrine. The ratios of 
muscle water antipyrine to plasma water antipyrine in these subjects 
were not low (1.04 and 1.06). 

The antipyrine concentration in water of plasma and red blood cells was 
compared 13 to 3 hours after the intravenous administration of 1.0 gm. 
doses of the drug to human subjects. The results indicate an approxi- 
mately equal distribution between the water of red cells and plasma (Table 
ITI). 

Patients with peripheral edema, ascites, and pleural effusion were given 
from 1.0 to 1.5 gm. of antipyrine intravenously. The concentration of 
antipyrine in the water of plasma and the particular fluid was compared 
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7 to 12 hours subsequently (Table 1V). The drug appears to diffuse freely 
into abnormal depots of fluid. 

The fact that most of the ratios of transudate to plasma were less than 
1.0 suggested either incomplete distribution or some binding on plasma 
proteins. The extent to which antipyrine is bound to non-diffusible con- 
stituents of plasma was determined by dialysis against isotonic phosphate 
of pH 7.4 at 37°. The results indicated binding of about 10 per cent. 


III 
Distribution of Antipyrine between Human Red Blood Cells and Plasma 


Twelve subjects were given 1 gm. of antipyrine intravenously, and the plasma 
and red cells compared 1} to 3 hours later. 


' 


Antipyrine Ratio, 
Sample No$ red cell water antipyrine 
Red cell water Plasma water plasma water antipyrine 
mg. per. mg. per i. 
1 24.2 24.6 0.98 
2 22.9 20.4 1.12 
3 16.9 18.0 0.94 
4 27.1 26.7 1.02 
5 35.3 37.5 0.94 
6 35.7 36.5 0.98 
7 25.3 25.3 1.00 
36.8 36.6 1.01 
33 .6 33 .7 1.00 
10 54.6 52.6 1.04 
1] 23.0 23.2 0.99 
31.0 $4.6 0.90 


Excretion and Transformation 


Urinary Excretion-—-The renal excretion of antipyrine was studied in 
eight human subjects after the intravenous administration of 1.0 gm. of 
the compound. Only 0.3 to 0.6 per cent of the amount injected was ex- 
creted in 4 hours following the injection. It is apparent that the excretion 
of the drug is negligible. 

Transformation in Body-—\ gm. of antipyrine was administered intra- 
venously to 50 subjects, and plasma samples were taken at 2 hours and at 
various intervals subsequently. The results show that the rate of metab- 
olism of antipyrine was on the average 6 per cent per hour, and varied in 
different subjects from 1 to 12 percent. The rate was practically constant, 
however, over periods up to 12 hours in a given subject. It was therefore 
possible to correct for this chemical transformation by extrapolation of 
the logarithm of the plasma concentrations to zero time (Figs. 1 and 2). 
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The transformation of the compound in dogs was much more rapid than 
in humans, amounting to approximately 30 per cent per hour. For this 
reason the compound may be impractical for use in these animals. 


Tasie LV 
Distribution of Antipyrine between Plasma and Transudates 


Subjects with peripheral edema, ascites, and pleural effusion were given 1 to 1.5 


gm. of antipyrine intravenously and the plasma and transudate were obtained 7 to 
12 hours subsequently. 


Ratio, 
Subject No. Antipyrine transudate 
plasma 
me. perl. water 

1. Edema fluid 21.0 
Plasma 22.6 0.93 

2. Ascitic fluid 264 
Plasma . 28.6 

3. Ascitic fluid 26.9 
Plasma | 24.3 1.11 

4. Ascitic fluid. | 24.7 
Plasma _... 26.0 0.95 

5. Ascitie fluid 48.0 
Plasma _. 52.2 0.92 

6. Pleural fluid 19.2 
Plasma 17.8 1.08 

7. Asecitie fluid 22.7 
Plasma 25.6 0.89 

8. Ascitie fluid 25.0 


Plasma 26.9 0.93 


Time for Even Distribution of Antipyrine in Body 


The logarithm of the plasma concentration was plotted against time for 
each of the above subjects (Fig. 1 shows typical results) and in all cases 
yielded a linear relationship, which indicates that the substance disappears 
at a rate proportional to its plasma concentration. In many cases 1 hour 
levels were also measured. These levels were sometimes a little above the 
straight line drawn through subsequent levels. The inference may be 
drawn that mixing for antipyrine in normals may not be quite complete 
in 1 hour, but is complete in 2 hours. 

Antipyrine was administered to eight subjects with peripheral edema, 
ascites, or pleural effusion, and plasma samples taken at various intervals. 
Typical curves (Fig. 2 shows typical results) constructed as described for 
normal subjects indicate that the distribution of antipyrine in the body 
water of these subjects was complete but that a period of about 5 hours 
was required for uniform mixing. 
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CONCENTRATION OF ANTIPYRINE 


HOURS AFTER INJECTION 


Fic. 1. Plasma levels of antipyrine in normal subjects at various intervals after 
intravenous injection. To correct for the metabolism of the drug during the time 
required for uniform distribution, the curve for the plasma level is extrapolated to 
zero time. 


PYRINE 


HOURS AFTER INJECTION 


CONCENTRATION OF ANT! 


Fig. 2. Plasma levels of antipyrine in subjects with pathological fluid depots, at 
various intervals after intravenous injection. Subject A, congestive heart failure; 
Subjects B and C, nephritis; Subject D, cirrhosis. To correct for the metabolism 
of the drug during the time required for uniform distribution, the curve for the 
plasma level is extrapolated to zero time. 
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Toxicity 


No untoward effects were observed in 200 patients given 1 gm. of anti- 
pyrine intravenously. Specifically, there was no methemoglobinemia or 
depression of the white blood cell count. 


Measurement of Body Water with Antipyrine 


The following technique is employed to measure body water. A con- 
trol sample of blood is drawn, since there is a small blank value which 
must be used for correcting subsequent samples. 1 gm. of antipyrine in 
50 ml. of water is injected intravenously from a burette or calibrated 
syringe. Blood samples are withdrawn at 2, 3, and 5 hours subsequently. 
All blood samples are heparinized. Plasma and cells are separated after 
centrifugation and the plasma stored in stoppered tubes for subsequent 
analysis of antipyrine. 

The plasma concentration at zero time (the concentration at the time 
of injection if uniform distribution had been instantaneous and if none of 
the substance had been metabolized) is calculated by plotting the plasma 
levels on semilogarithmic paper and extrapolating the straight portion of 
the time-concentration curve (2nd, 3rd, and 5th hours) back to the time 
of injection. 

The plasma water level of antipyrine is calculated by dividing the 
plasma level of antipyrine by the water content of the plasma. 

The calculation for body water is made as follows: 


amount of drug injected (mg.) 


ter (lit = 
Body water (liters) plasma water level (mg. per liter) 


Comparison of Body Water Measurements Made with Deuterium Oxide and 
Antipyrine 


To test the validity of antipyrine as a measure of body water, its volume 
of distribution was compared with that of deuterium oxide. This com- 
parison was made in both normal subjects and subjects with abnormal 
depots of water. | 

Normal Subjects—-1.0 gm. of antipyrine dissolved in 50 gm. of deute- 
rum oxide was administered intravenously to eight normal subjects. 
Deuterium oxide and antipyrine in plasma were estimated at 2, 3, and 5 
hours. The volume of distribution of deuterium oxide was taken as the 
average of 2, 3, and 5 hour values. The values for body water obtained 
by the two methods did not differ significantly, but those obtained with 
antipyrine were lower in most cases (Table V). The average difference 
was 1.2 liters and the maximum difference 3.1 liters. Body water as 
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measured by antipyrine ranged from 39.3 to 57.9 per cent of the body 
weight, with an average of 51.9 per cent. 

Abnormal Subjects--Seven patients, three with cirrhosis and ascites, 
two with nephritis and edema, and two in decompensated congestive fail- 
ure with ascites and edema, were used as subjects. The antipyrine and 
heavy water in plasma were measured at 5, 7, and 9 hours following the 
administration of the two substances injected simultaneously. The 
measurements were made at longer intervals after injection than in the 
case of normal subjects, since the distribution of the compound takes longer 
when abnormal depots of fluid are present. The differences between the 


TABLE V 


Comparison of Total Body Water in Nurmal Subjects Measured by Antipyrine and 
Deuterium Oxide 


1 gm. of antipyrine and 50 gm. of deuterium oxide were administered intrave- 
nously to each subject. Deuterium oxide and antipyrine were estimated in plasma 
2,3, and 5 hours subsequently and their volume of distribution calculated. 


| Total water 
Subject No. Sex Weight 
| Antipyrine Deuterium oxide Deviation 
ke. | liters h liters liters 

“2 | 2:2 49.5 22.6 50.3 —0.4 

2 73.4 28.8 39.3 30.8 42.0 —2.0) 

3 M 66.5 44.2 51.5 35.8 oo. —1.6 

4 35.0 4 33.4 +16 

70.0 39.9 30.8 +0.) 

6 ‘ 52.2 28.7 55.0 28.8 55.2 -0.1 

7 555 30.5 550) 33.6 

49] 28 .4 29.2 —U.3 


i 


body water by the two methods were greater than in the case of the nor- 
mals, averaging 2.7 liters, with a maximum difference of 5.1 liters (Table 
V1). In all cases the value obtained with antipyrine was somewhat 
lower. The body water as measured by antipyrine ranged from 51.7 to 
70 per cent of body weight, with an average of 59.5 per cent. 

The agreement between the results obtained with deuterium oxide and 
antipyrine is evidence that both are distributed in approximately the 
same volume of body water. Calculations for body water have been made 
without any attempt to correct for non-diffusible antipyrine. It may be 
that failure to do this introduces some error in the estimation of body 
water. This is suggested by the fact that the antipyrine space was usu- 
ally somewhat smaller than the deuterium oxide space. However, this 
discrepancy may also be explained on the basis of exchange of some of the 
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heavy hydrogen with readily exchangeable hydrogen in the body. It has 
been suggested that this exchange may account for several per cent of the 
total heavy hydrogen (3). 


VI 
Comparison of Total Body Water in Subjects with Abnormal Water Depots Measured 
by Anttpyrine and Deuterium Oxide 


1 gin. of antipyrine and 50 gm. of deuterium oxide were injected intravenously 
in each subject. Plasma deuterium oxide and antipyrine were estimated in 5, 7, 
and 9 hours and the volume of distribution calculated. 


Total water 


Sex Diagnosis Weight 
Antipyrine Deuterium oxide 
keg. liters liters b liters 

q M. Nephritis 49 31.0 63.4 32.0 65.4 —1.0 
10 Congestive 51.3 29.4 57.4 31.8 62.0 

heart failure 

1] = Cirrhosis 55.6 30.3 54.5 31.2 56.1 —0.9 
12 Nephritis 57.8 31.5 54.5 32.4 56.1 —0.9 
13 M. Cirrhosis 71.4 50.0 70.0 55.0 77.1 —5.0 
14 ne 74.1 38.3 | 51.7 56.4 
15 Congestive 82.2 53.5 65.0 58.6 71.3 —5.1 


| heart failure 
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PER CENT BODY WATER 
Fic. 3. Relationship of body water to body fat in human subjects 
Relation of Total Body Water to Body Fat 


Calculations of the body fat of subjects from the measurement of their 
specific gravity? have been carried out at the same time that total body 
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water was measured by means of antipyrine. The results indicate that 
body water and body fat content bear an inverse relationship (Fig. 3). 

Body water can also be calculated from the specific gravity (4). This 
calculation is based on the assumption that the total body water is 73 per 
cent of the fat-free body mass. Such calculations yield data for body 
water which agree fairly well with the antipyrine method (Table VII), a 
fact which constitutes a further and independent check on the validity of 
the antipyrine measurements. 


TaBLe VII 


Comparison of Total Body Water in Normal Human Subjects Measured by Antipyrine 
and by Specific Gravity Methods 


16 | 43.4 44.4 
17 51.8 49.3 
18 50.7 53.0 
19 53.2 53.4 
20 50.0 54.0 
21 60.5 58.2 
22 58.8 58.6 
23 58.5 59.6 
24 | 58.0 | 58.6 
DISCUSSION 


The few early figures for total water content of the body were provided 
by desiccation of post mortem tissues. ‘The total body water was found 
to be 60 to 65 per cent of the body weight (9, 10). The generally accepted 
figure in modern text-books and monographs is roughly 65 to 70 per cent 
of body weight (11, 12). 

The values obtained in the present study are lower than most current 
estimates and show considerable variability. In the nine normal individ- 
uals in whom both fat and water content of the body were measured, there 
was a clear inverse relationship between the amounts of fat and water, 
suggesting that the wide variability of body water is largely a function of 
the variability in body fat. The view that the diversity in body composi- 
tion is largely a reflection of its fat content and that the composition of 
the residual lean body mass is fairly constant has been well documented 
for the body as a whole (4) and for individual tissues (13). 

The figures for specific gravity, which Welham and Behnke give for a 
group of healthy men (14), indicate that a lean man contains 10 per cent 
fat, an average man about 20 per cent fat, and an obese one about 30 per 
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cent fat. Body water in these individuals, calculated on the assumption 
that fat-free tissue is 73 per cent water, would be 66, 58, and 47 per cent 
water, respectively. The present figures of 50 to 60 per cent for normal 
males obtained by the use of deuterium oxide and antipyrine appear 
reasonable in the light of these estimates. 

Antipyrine is not an ideal substance to use in the measurement of body 
water. It is bound by plasma protein to the extent of about 10 per cent 
and the magnitude of the error involved when no correction is made for 
protein binding is unknown. However, the good agreement between 
antipyrine and heavy water spaces indicates that the error is not large, 
and suggests that there is compensatory binding in the tissues. This is 
also indicated by the even distribution of antipyrine between plasma 
water and tissue water in dog and man. 

A lesser disadvantage of antipyrine is its metabolism, which, although 
slow, requires the use of extrapolation through plasma levels at three con- 
centrations to zero time. Search is proceeding for a compound that is 
not bound by plasma proteins and that is not metabolized in the body. 


SUMMARY 


The use of antipyrine in the measurement of body water in humans has 
been explored. This substance is uniformly distributed in the various 
tissues in close proportion to the water content, its excretion is negligible, 
and it is metabolized only slowly. 

The volumes of distribution of deuterium oxide and antipyrine were 
compared in normal subjects and in subjects with abnormal depots of 
fluid. The values agree well. The volume of distribution of antipyrine 
also agrees well with the total body water as calculated from the specific 
gravity. 

Ease of analysis and non-toxicity make antipyrine a satisfactory sub- 
stance for use in the measurement of total body water, with minor quali- 
fications in respect to plasma protein binding and slow metabolism. 


BIBLIOGRAPHY 


. Pace, N., Kline, L., Schachman, H. K., and Harfenist, M., J. Biol. Chem., 168, 
459 (1947). 

. Hevesy, G., and Hofer, E., Nature, 134, 879 (1934). 

. Moore, F. D., Science, 104, 157 (1946). 

. Pace, N., and Rathbun, E., J. Biol. Chem., 168, 685 (1945). 

. Behnke, A. R., Jr., Feen, B. G., and Welham, W. C., J. Am. Med. Assn., 118, 
495 (1942). 

. Rathbun, E., and Pace, N., J. Biol. Chem., 158, 667 (1945). 

. Brodie, B. B., Axelrod, J., Soberman, R., and Levy, B. B., J. Biol. Chem., 179, 
25 (1949). 


Ww to 


« 
- 
a 
t 
ry 


| 


42 


ANTIPYRINE IN MEASUREMENT OF BODY WATER 


. Keston, A. 5., Rittenberg, D., and Schoenheimer, R., J. Biol. Chem., 122, 227 


(1937-38). 


. Siebeck, R., in Bethke, A., and von Bergmann, G., in Handbuch der normalen 


und pathologischen Physiologie, Berlin, pt. 3, 17, 161 (1926). 


. Skelton, H., Arch. Int. Med., 40, 140 (1927). 
. Best, C. H., and Taylor, N. B., Physiological basis of medical practice, Balti- 


more, 4th edition (1945). 


. Gamble, J. L., Extracellular fluid, Cambridge (1947). 
. Hastings, A. B., Harvey Lectures, 36, 91 (1940-41). 
. Welham, W. C., and Behnke, A. R., Jr., J. Am. Med. Assn., 118, 498 (1942). 


| 
| 
10 
1] 
12 | 
13 
14 
| 
| 
| 
1 
| 
4 
| 


METABOLISM OF SYNTHETIC ESTROGENS. URINARY 
SULFUR PARTITIONING AFTER ESTROGEN 
ADMINISTRATION* 


By W. R. STARNES anv R. 38. TEAGUE 
(From the Department of Pharmacology, the Medical College of Alabama, Birmingham) 


(Received for publication, December 9, 1948) 


In 1945 one of us reported in abstract (1) that little, if any, conjugation 
of diethylstilbestrol with sulfuric acid occurs in the rat and probably 
none at all in the rabbit. Since that time further interest in this subject 
has been evidenced by publications of experiments of the same type from 
other laboratories (see below). It seemed worth while, therefore, to ex- 
tend our observations and publish them in some detail. 


EXPERIMENTAL 


Urinary sulfur partitioning was performed by Fiske’s modification of 
Rosenheim’s method (2). Sulfur excretion was determined for several 24 
or 48 hour periods before and after the administration of a large dose of 
estrogen. Seven experiments were performed with rats, three with rabbits, 
three with cats, and two with dogs. In each case diethylstilbestrol was 
used, except for two rat experiments with ‘‘dienestrol” (4,4’-(diethyl- 
ideneethylene)-diphenol), one rabbit experiment. with ‘““monomestrol” (the 
monomethyl ether of diethylstilbestrol), and one rabbit experiment with 
phenol. Injections were given intramuscularly in corn, sesame, or peanut 
oil. Sometimes the estrogen was given in acacia suspension by stomach 
tube. The animals were kept in metabolism cages, and rats, rabbits, 
and dogs were fed Purina chow. Cat 1 received meat and milk, and Cat 
2 received milk alone. In some cases food intake was measured. 

The results are summarized in Table I. It will be observed that the 
excess ethereal sulfate excretion after estrogen administration is quite 
variable. A definite increase occurred in two of the rat experiments 


* This investigation was supported in part by a research grant from the Division 
of Metabolism and Endocrinology of the United States Publie Health Service (Re- 
search Grant 440). Additional aid has been received from the Committee on Thera- 
peutic Research of the Council on Pharmacy and Chemistry of the American Medical 
Association and the Research Committee of the University of Alabama. The earlier 
part of the work reported herein was done in the Department of Pharmacology, 
Tulane University School of Medicine, with the aid of a grant from the David 
Trautman Schwartz Research Fund. Diethylstilbestrol and dienestrol were sup- 
plied by the White Laboratories, Inc., while Wallace and Tiernan Products, Ine., 
contributed the monomestrol. 
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(Rats 1 and 2, 3 and 4) with diethylstilbestrol, while in three the excess 
excretion was insignificant. No rise occurred after dienestrol in two rats. 
In the experiments on rats, the only definite changes were in a mixed strain 
of rats; those of a pure Long-Evans strain failed to show an increase. 


Ethereal Sulfate Excretion during 4 Day Period Following Intramuscular 
Estrogen Administration 


The excess of the preliminary average ethereal sulfate with the corresponding 
amount of estrogen this excess would represent if a monosulfate were formed. 


Ethereal sulfate 
excretion 
Experiment Estrogen ee | 
Preliminary after 
average estrogen 
mg. S mg. S mg. mg. “4 = 
Rats 1, 2* Stilbestrol 2.4 16.5 750 138 18.4 
t 2.4 7.3f 2000 61.0 3.1 
Rats 3, 4* . t 4.3 31.5 1000 263 26.3 
Rat 6* ~ 1.1 2.0 450 18.4 4.1 
| 0.54 0 500 0 0 
Dienestrol 0.9 500 7.5 1.5 
“ 10 7 0.76 1.4 500 11.6 2.3 
Rabbit 3 Stilbestrol tf 15.9 0 1500 0 0 
Pag Monomestrolt 14.7 0 1770 0 0 
rie Stilbestrol 28.9 0 1000 0 0 
Ws Phenol (control) 28.9 59.9 700 176 25.1 
Cat 1 Stilbestrolt 32.6 0 2400 0 0 
32.6 Ot 1900 0 0 
11.2 12.8} 1000 107 10.7 
Dog 1 1" 74.6 0 1000 0 0 
“9 “ 13.0 | 27.2 | 1000 | 227 | 22.7 


* Mixed strain of rats; others are Long-Evans. 
Oral administration. 
t Died within 2 days 


In rabbits no increase whatsoever in ethereal sulfate occurred after diethyl- 
stilbestrol in two experiments or after monomesttol in another. A small 
increase occurred after diethylstilbestrol in one cat, but as the cat died on 
the 2nd day, this may not be significant. A large increase was found in 
Dog 2 but none in Dog 1. A definite rise in ethereal sulfate, as was ex- 
pected, occurred in Rabbit 6 which received phenol. 

Since the ethereal sulfate excretion following estrogen administration 
was so variable, it is difficult to decide whether the rise that was occasionally 
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seen is of any real significance; 7.e., does it indicate the excretion of a con- 
jugate of the estrogen with sulfuric acid? In four cases out of twelve there 
was a definite excess ethereal sulfate excretion after diethylstilbestre! ad- 
ministration of over 10 per cent of the dose. This occurred in the mixed 
strain of rats, in one cat, and in one dog, but not in the Long-Evans rats 
or in the rabbits. Assuming complete and rapid absorption and the forma- 
tion of a monosulfate of the estrogens, the amount of estrogen thus account- 
ing for the excess sulfur and the percentage of the dose this represents can 
be calculated. These values are obviously rough approximations and 
represent the maximum amount of estrogen that might be excreted as a 
sulfate. It seems likely that conjugation of the estrogens with sulfuric 
acid probably does occur in these species except for the rabbit, but not toa 
great extent. 

Neutral sulfur was usually depressed after estrogen administration. 
This would seem to eliminate the possibility of the formation of a mercap- 
turic acid derivative of estrogen as a mode of detoxication. 

Inorganic sulfate frequently fell markedly and was probably due to 
decreased food intake. Measurement of food intake in four cases showed 
changes parallel to those of inorganic sulfate. 


DISCUSSION 


Stroud (3) has isolated 14 per cent of an injected dose of diethylstil- 
bestrol from rabbit urine as the free estrogen and 11 per cent after hy- 
drolysis of a combined fraction. Mazur and Shorr (4) have isolated a 
monoglucuronide of diethylstilbestrol from rabbit urine following injection 
of the estrogen. They recovered 30 per cent of the administered dose in 
thisform. Dodgson ef al. (5) accounted for 71 per cent of diethylstilbestrol 
from rabbit urine as the glucuronide. They found no extra ethereal or 
neutral sulfur in rabbit urine after administration of this estrogen, 
dienestrol, or ‘“‘hexestrol.’? They, as well as Simpson and Smith (6), have 
isolated glucuronides of the three estrogens from rabbit uriné. In. this 
paper (5) is presented a discussion of ethereal sulfate conjugation and it is 
remarked that the apparent absence of this conjugation in the case of 
synthetic estrogens is surprising. Smith and Williams (7) followed the 
excretion of free estrogens and their glucuronides by biological and gravi- 
metric methods in rabbits after administration of the three above com- 
pounds. These workers found as much as 46 per cent of diethylstilbestrol 
was eliminated as a glucuronide. They were unable to isolate a sulfate, 
but stated they had indirect evidence of such conjugation of synthetic 
estrogen in man. | 

Since Zimmerberg (8) has shown that the amount of diethylstilbestrol 
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conjugated by rat liver slices is decreased if MgCl, is substituted for 
MgSO, in the medium, it is presumed that this species has the ab:lity to 
form a sulfate of the estrogen. Our data concur then with those of Dodgson 
et al. in that no evidence of sulfate conjugation was found in rabbits. We 
also agree with Zimmerberg in that the rat may conjugate diethylstilbestrol 
with sulfuric acid. In view of the high yields of glucuronide mentioned 
above and the low and variable ethereal sulfate excretions presented in 
this communication after estrogen administration, it would seem that 
sulfate conjugation does occur in some species, but it is probably not an 
important mode of detoxication of synthetic estrogens. From a con- 
sideration of the size of the estrogen dose in our experiments and the fact 
that deaths occurred so frequently, it would seem to be unprofitable to 
extend these studies further. 

Our investigations are being continued in the direction of quantitative 
determinations of free estrogen, and combined estrogen, and glucuronic 
acid after administration of the synthetics. 


SUMMARY 


1. Urinary excretion of inorganic, ethereal, and neutral sulfur has been 
determined before and after administration of synthetic estrogens to rats, 
rabbits, cats, and dogs. 

2. A rise in the ethereal sulfate fraction was sometimes found after 
diethylstilbestrol in rats, cats, and dogs, but not in rabbits. No increase 
was obtained with dienestrol in rats or with monomestrol in one rabbit. 

3. The neutral sulfur fraction was usually decreased following estrogen 
administration. Inorganic sulfur usually fell markedly. 

4. These results were interpreted to indicate that conjugation of diethyl- 
stilbestrol with sulfuric acid may take place in rats, cats, and dogs. The 
conjugation is variable in degree and at best involves only a small per- 
centage of the dose. It fails to occur in rabbits. It also probably fails 
to occur with dienestrol in rats and with monomestrol in rabbits. Prob- 
ably no mercapturic acid derivatives of any of the three estrogens are 
formed in the species studied. Changes in inorganic sulfate excretion are 
due to variation in food intake. 


It is a pleasure to acknowledge the advice and encouragement of Dr. 
Ralph G. Smith of Tulane University. 
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OLEIC ACID INTERFERENCE IN THE NEUROSPORA CRASSA 
ASSAY FOR BIOTIN 


By A. Z. HODSON 
(From the Research Laboratories, the Pet Milk Company, Greenville, Illinois) 


(Received for publication, December 13, 1948) 


A few years ago the author suggested that the cholineless mutant of 
Neurospora crassa might be used for the assay of biotin in milk products 
(1). At that time it was known that the microbiological response of 
Neurospora crassa, yeast, and the lactobacilli were not necessarily spe- 
cifie for biotin (1). Although the chemical structure of certain syn- 
thetic compounds such as desthiobiotin was known, the identity of certain 
naturally occurring interfering materials had not been identified. More 
recently it has been clearly demonstrated that, for a number of lacto- 
bacilli, biotin can be largely or completely replaced by a combination 
of oleic and aspartic acids (2-5). These findings bring up the question 
as to whether the biotin requirements of Neurospora crassa can also be 
met by a combination of oleic and aspartic acids. This report is an at- 
tempt to answer that question. 

The investigations were made by the methods previously outlined (1). 
The work reported here does not include studies involving changes in 
the pH of the media or changes in incubation temperature. That such 
changes may affect the nutritive requirements of fungi has been discussed 
by Tatum (6). Since these conditions are controlled in the assay and 
are not, therefore, a source of error, they were not considered as variables 
in the present investigation. 

Experiments designed to study the effect of oleic acid, aspartic acid, 
and Tween 80 (a polyoxyethylene derivative of sorbitan monooleate) 
have been carried out and are briefly summarized in Table I. Aspartic 
acid alone gives little stimulatory effect either in the presence or absence 
of biotin. Tween 80, which contains oleic acid in an esterified and 
readily dispersible form, shows minor growth activity in the absence 
of biotin and a slight stimulatory effect in the presence of biotin. Com- 
binations of Tween SO and aspartic acid are more active than is Tween 80 
alone. In the presence of biotin, combinations of aspartic acid and 
Tween 80 show little or no greater activity than is shown by the latter 
compound. 

Higher levels of Tween 80 and Tween 80 and aspartic acid than those 
reported in Table [ were not tested. The more extensive data from 
which Table I was summarized suggested that at the higher level 
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a plateau in the growth curve had been reached and that higher levels 


would not give appreciably greater growth. 


TABLE I 


Interference in Biotin Assays by Oleic and Aspartic Acids 


ash 
1 None 0 
Biotin 1.0 
2.5 
Tween SO () 
SU) 
Aspartic acid 0) 
0 
Tween SO + aspartic acid 0) 
Biotin + Tween SO + aspartic acid 1.0 
2 None 0 
Biotin 1.0 
2.5 
10°) acetone 1.0 
2.5 
10% alcohol 1.0 
“4 + Tween S80 1.0 
2.5 
S80 + aspartic acid 1.0 
3 None 0 
Biotin 1.0 
2.5 
Oleic acid in 10°, acetone 
+ aspartic acid 
Biotin — oleie seid im nectone 1.0 


acid 


Compounds 


10.0 
0.8 
10.0 
0O.S 
10.0 
0.4 
10.0 


4.0) 


4.0 


O.4 
1.0 
O.4 
1.0 
O.4 
U.4 


me. 


++4+4 


4- 


added per flask 


1.0 


Dry 
mvyce 
lium 


ow 


Oleic acid was first tested by dissolving in alcohol and dispersing the 
mixture in water. This mixture showed considerable stimulatory effect 
in the presence of biotin, but this stimulation was later discovered to be 
due to the ethyl alcohol rather than oleic acid. The stimulatory effect 
of alcohol has not yet been explained. The possibility that the effect 
is due to an impurity in the alcohol has not been entirely eliminated. 
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Acetone does not have the stimulatory effect given by alcohol and 
was, therefore, used in our later studies with oleic acid. The oleic acid 
is dissolved in acetone and diluted with this solvent so that 1 ml. of 
solution contains 20 mg. of oleic acid. 10 ml. of solution are then di- 
luted with water to 100 ml. to give a suspension of oleic acid in 10 per 
cent acetone. This suspension was used directly or diluted further as 
required by the experiment being made. Free oleic acid shows only a 
minor activity. In the presence of biotin it may be slightly inhibitory. 

Although the stimulatory effect of oleic acid and aspartic acid does 
not produce a large growth response of the cholineless Neurospora crassa, 
nevertheless an appreciable, if not serious, error, which is largely de- 
pendent upon the ratio of biotin to free and combined oleic acid, may be 


II 
Effect of Petroleum Ether Extraction on Biotin Content of Dry Whole Milk Powder 
| Biotin per gm. 

Original sample | Petroleum ether-extracted sample 
mugm. | mugm. 
261 | 255 
2 268 251 
3 266 253 
4 232 218 
5 230 | 276 
Average... 251 | 251 


produced by combinations of these compounds in the microbiological 
assay for biotin with this organism. For precise work it may be neces- 
sary to extract the oleic acid from the sample with a fat solvent. This 
procedure has already been recommended for biotin assays with lacto- 
bacilli. Samples high in biotin or low in fat can probably be assayed 
without preliminary fat extraction by use of the cholineless Neurospora 
crassa, but it may be necessary to test each type of sample. Tests of 
this character have been carried out for whole milk powder and are sum- 
marized in Table II. These results demonstrate that a preliminary 
extraction of the samples with petroleum ether did not markedly affect 
the biotin assay results as determined with cholineless Neurospora crassa. 
Better agreement between the samples might be expected, but the varia- 
bility falls within the range of +20 per cent previously stated to occur 
with this organism (1). Although milk is rich in fat, it is also such a 
good source of biotin that only the equivalent of 4 mg. of milk solids is 
present in the assay flask at the highest level tested. Only 1 mg. of the 
4 is fat, and only a fraction of milk fat consists of oleic and other un- 
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saturateds fatty acid. Moreover, only a small fraction of the fat could 
be carried into the extract added to the flask when the samples are pre- 
pared according to the method outlined (1). For this reason one would 
scarcely expect that oleic acid would seriously interfere in the assay of 
milk for biotin with Neurospora. 


SUMMARY 


Under the conditions tested, oleic and aspartic acids will not completely 
replace biotin for the growth of the cholineless Neurospora crassa. For 
this organism, oleic acid and Tween 80 alone or in combination with 
aspartic acid give some growth response in the absence of biotin and a> 
slight stimulatory response in the presence of biotin. Milk and probably 
other foods that are high in biotin may be assayed without preliminary 
fat extraction. Samples that are low in fat can also probably be as- 
sayed without fat extraction. 


The author thanks the officials of the Pet Milk Company for releasing 
this report for publication. He especially thanks Dr. KE. A. Louder, 
Technical Director, for his part in releasing the report, as well as for his 
supervision of the research program. ‘The author acknowledges the 
laboratory assistance of Roberta Biggins. 
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A PHOTOMETRIC METHOD FOR THE DETERMINATION OF 
a-AMYLASE IN BLOOD AND URINE, WITH USE OF 
THE STARCH-IODINE COLOR 


By BENJAMIN W. SMITH anv JOSEPH H. ROE 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington) 


(Received for publication, December 20, 1948) 


The use of the starch-iodine color for the estimation of a-amylase 
appears to be on a sound theoretical basis. Swanson (1) has shown that 
in the degradation of amylose by a-amylase there is a random attack by 
the enzyme upon the polysaccharide chain yielding hexose units of vary- 
ing lengths. Swanson (2) has further observed that chains 4 to 6 glucose 
units in length give no color with iodine, chains containing 8 to 12 units 
give a red color, and chains of 30 glucose units, or longer, yield a blue 
color. 

We have developed a starch-iodine method for the determination of 
a-amylase in serum and urine in which the blue color formed by the re- 
action of starch with iodine is measured photometrically before and 
after incubation of soluble starch with material containing the enzyme. 
The decrease in blue color obtained after the incubation is a measure of 
the amylase concentration. When appropriate conditions are set up, 
starch-iodine color values are obtained that are proportional to the 
amount of enzyme present and to the time of incubation, with use of a 
fairly wide range of concentration of substrate. 

The use of the photoelectric colorimeter removes the limitations in- 
herent in starch-iodine methods in which an end-point is visually se- 
lected. In addition to being sound theoretically, the proposed method 
has certain practical advantages: It requires less work and time than 
the saccharogenic methods, the procedure is simple and is applicable to 
the estimation of amylase in blood and urine without change in the basic 
technique, and it permits the achievement of a high degree of accuracy 
and precision. 


Method 


Reagents— 

1. Substrate. A 1.2 per cent solution of soluble starch is made up at 
the time of use. Weigh accurately 1.2 gm. of Merck’s soluble starch 
(Lintner). Suspend this in about 10 cc. of distilled water in a 100 ce. 
volumetric flask. Make up to slightly under volume with boiling dis- 
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tilled water. Place the flask in a boiling water bath for 3 minutes and 
make up to volume. Allow the starch and bath to cool to 90° and hold 
at that temperature during pipetting. 

2. Phosphate buffer, pH 7.2 (Myers, Free, and Rosinski (3)).  Dis- 
solve 7.62 gm. of anhydrous potassium dihydrogen|phosphate and 20.45 
gm. of disodium hydrogen phosphate in distilled water in a liter flask 
and make up to volume. 

3. 0.5 m sodium chloride. 

4. n hydrochloric acid. 

5. Iodine reagent. Dissolve 30 gm. of potassium iodide and 3 gm. 
of iodine in distilled water in a liter flask and make up to volume. 


Procedure 


Pipette 5 cc. of 1.2 per cent starch solution (60 mg.) at approximately 
90°, 3 ec. of phosphate buffer, and | cc. of 0.5 m sodium chloride into 
each of two test-tubes, one labeled A for the digest, and one labeled B 
for the control with undigested starch. Into a third tube (C), tiie blank, 
pipette 5 cc. of distilled water, 3 cc. of phosphate buffer, and 1 cc. of 
0.5 m sodium chloride. Place all tubes in a water bath at 37° until they 
have reached the temperature of the water bath. To Tube A (for the 
digest) add 1 cc. of enzyme solution (serum, plasma, or urine). Keep 
all tubes in the water bath for exactly 30 minutes. Promptly add 2 ce. 
of n hydrochloric acid to each tube. This brings the pH below 2, a step 
that stops amylase action in the digest tube and prevents action of the 
enzyme next added to the control tube. Add 1 ec. of enzyme solution 
to Tubes B (control) and C (blank) and mix thoroughly. Pipette 2 ce. 
of each of these reaction mixtures into appropriately labeled 500 ce. 
volumetric flasks containing about 400 cc. of distilled water and 5 ce. of 
nN hydrochloric acid. Add 1 cc. of iodine reagent to each flask and make 
up to volume. The resulting blue solutions are decanted into cuvettes 
and read in a photoelectric colorimeter at a wave-length of 620 my. The 
colorimeter is set at 100, or the null point, with solution from Tube C. 
The latter usually reads 99.75 on the Evelyn colorimeter against dis- 
tilled water; hence distilled water may be used for the colorimeter setting 
without materially affecting the results. Solution from Tube B gives 
the iodine color value without amylase action and solution from Tube 
A gives the value after enzyme action. 


Calculations—Let D = 2 — log G = optical density 


(D of control) — (D of digest) 
(D of control) 


The amylase unit is defined as the amount of enzyme that, under the 
conditions of this procedure, with 60 mg. of starch present, will hydro- 


< 60 = mg. of starch hydrolyzed 
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lyze 10 mg. of starch in 30 minutes to a stage at which no color is given 
with iodine at 620 mu. The definition of this amylase unit was estab- 
lished to make the unit conform as closely as possible to the units of 
methods in general use. 


For plasma or serum the ealculation is 


(D of control) — (D of digest) 60 
(D of control) = x 10 X 100 = amylase units per 100 cc. 


DISCUSSION 


As shown in Fig. 1, the blue color developed by this procedure has 
been found to conform to the Beer-Lambert law throughout the range 
of concentration of starch used. The region of maximum absorption 
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Fic. 1. The relation of the starch-iodine color intensity to the concentration of 
starch. 


of the color was found to be between 600 and 620 my (Fig. 2, Curve B). 
We have adopted 620 mu as the most desirable wave-length for readings 
for several reasons: The absorption due to the iodine reagent alone is 
negligible at 620 my (Fig. 2, Curve C); Hanes and Cattle (4) and Swan- 
son (1) have shown that as a-amylase hydrolyzes amylose, producing 
shorter chains of hexose units, the range of maximum absorption of the 
starch-iodine color shifts towards the lower wave-lengths. Our obser- 
vations are in accord with the work of these authors, as shown by the 
absorption curve for starch hydrolyzed by amylase (Fig. 2, Curve A). 
The use of the higher wave-length reduces to a minimum the possibility 
of interference by the short chain products of hydrolysis. 

Starch and iodine concentrations were selected to give a range and 
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flexibility well suited to clinical use. The technique outlined permits 
the accurate determination of amylase concentrations in the blood up 
to 500 units per 100 cc. For greater concentrations of enzyme the serum 


100 
2 90. 
60_ 
& B 


400 490 550 610 670 730 790 
WAVELENGTH IN MiLLIMICRONS 
Fig. 2. The absorption curves of the colors used. Curves A and B, the color 


obtained by treatment of hydrolyzed and unhydrolyzed soluble starch, respec- 
tively, with iodine reagent ; Curve C, the iodine reagent only. 


TaBie 
Comparison of Ten Starches with Use of Urine As Source of Enzyme 


With the exception of the first two samples all starches were made soluble by the 
method of Small (5). The amylase values are averages of three determinations. 


Starch | Amylase 

| units per 100 cc 
Merck soluble, Lot 42196. 183.2 
Potato, laboratory Preparation 1... coy 214.2 
Corn, commercial, extracted 48 hrs. with dioxane. | 162.0 
not extracted... | 150.7 
109.6 
Sago palm*_ 119.2 
Sweet potato, laboratory preparation. 153.0 
Repetition of Ist starch after 48 hrs. 178.8 
Potato, Merck. ... 3 165.4 


* Kindly furnished to us by Dr. C. 8. Hudson of the National Institutes of Health. 


should be diluted. Marked changes in temperature are known to affect 
the intensity of the starch-iodine color. At room temperatures, how- 
ever, the color produced is stable. 

The starch used in these experiments was Merck’s soluble starch 


| 
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(Lintner). This starch was chosen because it is readily available com- 
mercially and requires no special treatment before use. It was expected 
that starches from different sources would not give the same results with 
this procedure due to variations in composition. A series of determina- 
tions was made upon ten starches of different types and also upon differ- 
ent preparations of the same starch. The enzyme solution used was 
human urine. Table I shows the results of these experiments. The 
first four starches tested, which were of Irish potato origin, gave com- 
parable results. Corn-starch gave higher values after extraction with 
dioxane. Irish potato starch gave the highest values of all starches 


oO 
lu 
N 
> 
400. 
A 
= 
< 
=200- 20. 
w 
< 100_ = 10- 
& 
30 60 90 120 150 
Serum IN Cc’s. Time (MINUTES) 
Fic. 3 Fic. 4 


Fic. 3. Curves showing amylase activity of serial dilutions of serum with (Curve 
A) phosphate buffer and (Curve B) HCl-NaCl buffer. 


Fic. 4. The relation of a-amylase activity to the time of incubation, with use of 
lec. of human serum as the source of enzyme. 


examined. The last sample of starch in Table I was raw starch from 
a commercial source which was made soluble by the method of Small 
(5). No explanation is obvious for the low value obtained with this 
starch as compared with other Irish potato starches. 

We have adopted the phosphate buffer used by Myers, Free, and 
Rosinski (3). We found this buffer satisfactory for serum and urine. 
The HCl-NaCl buffer used by Somogyi (6) appears adequate for serum 
in lower ranges of values but at high enzyme concentrations the phos- 
phate buffer gave higher values, as shown in Fig. 3. The lower activ- 
ity observed with the HCl-NaCl buffer is more marked in urine. 

A series of experiments was performed to study further the validity 
of the procedure. In the first experiment rabbit serum was used as the 
enzyme source. The amount of enzyme present was held constant and 
the starch content of the digest varied from 12 to 120 mg. The results 
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TABLE II 
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Effect of Variation of Starch Concentration on Enzyme Hydrolysis 


Amount of starch in digest 


mg. 


TABLE III 


Amylase 


units per 100 ccQ 


Effect of Serial Dilution of Enzyme on Hydrolysis of Starch 
60 mg. of starch were used in each tube. 


Enzyme solution 


ce. 


0.2 
0.4 
0.6 
0.8 
1.0 


— 


Urine amylase 


unsls per 100 cc. 
73.2 
142.8 
218.0 
288.6 
377.4 


Serum amylase 


units per 100 ce. 


106.9 
198.5 
303 .6 
400 .0 
478.8 


TaBLe IV 


Amylase Values of Fifteen Human Sera Determined by Authors’ and Somogyi 
Methods, Showing Relation Between Units of Two Procedures 


Authors’ method Somogyi method 
units per 100 cc. units per 100 cc. 
§2.3 91.3 1.11 
74.8 78.9 1.05 
63.1 69.7 1.10 
90.0 105.9 1.18 
136.6 138.9 1.02 
61.2 66.1 1.08 
57.8 68.2 1.18 
25.2 | 32.0 1.26 
45.0 47.1 1.05 
68.0 | 76.3 1.12 
49.4 | 52.2 1.05 
62.4 | 71.4 1.14 
96.9 | 106.6 1.10 
90.0 90.8 1.01 
64.9 | 70.1 1.08 

1.10 
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12 83.2 
4 83.7 
48 SS.8 
72 82.6 
120 
| 
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(Table II) showed practically no variation over the range of concentra- 
tion of substrate tested. 

A second experiment was performed with use of a constant amount 
of starch with serial dilutions of enzyme solution. Both serum and 
urine were used as a source of enzyme. The results, as shown in Table 
III, indicate a satisfactory proportionality between enzyme concentra- 
tion and the values obtained. 

In a third experiment the relation of time of hydrolysis to amylase 
activity was studied. Enzyme and starch concentrations were held 
constant and the time of incubation was varied. Fig. 4 shows the re- 
sults of this experiment. The curve obtained shows a straight line rela- 
tionship during the Ist hour of hydrolysis, with some loss of activity 
between 1 and 2.5 hours of incubation. These results demonstrated 
the validity of the use of the 30 minute incubation period. 

To show the relation of the authors’ amylase unit to the unit of the 
Somogyi method, which is in wide-spread use, amylase determinations 
by both methods were made on the sera from fifteen human subjects. 
The results are recorded in Table IV. The amylase values by the Somo- 
gyi method are about 10 per cent higher than those obtained by our pro- 
cedure. For practical purposes values by the two methods may be con- 
sidered directly comparable. 


SUMMARY 


An amyloclastic method for the determination of a-amylase in blood 
and urine has been developed. The method makes use of the difference 
in the intensity of the color produced with iodine by a measured amount 
of soluble starch before and after hydrolysis by the enzyme. The 
method is rapid and has a high degree of accuracy. 
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THE ANTIPHENYLALANINE EFFECT OF 8-2-THIENYL- 
ALANINE FOR THE RAT* 


By MARTHA F. FERGER ano VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


- (Received for publication, December 27, 1948) 


It has been demonstrated that 8-2-thienyl-pL-alanine inhibits the growth 
of several different microorganisms and that the inhibition is reversed by 
the addition of phenylalanine to the medium (1-4). Recently this work 
has been extended to a study of the p and L isomers of thienylalanine, and 
it has been shown that in the case of three microorganisms the D isomer is 
without effect on growth, whereas the L isomer possesses twice the inhibi- 
tory activity of an equal weight of thienyl-pL-alanine (4). 

Early experiments with rats (1) showed that thienyl-pL-alanine was un- 
able to replace phenylalanine in the diet of growing animals. An attempt 
was then}made to determine whether thienylalanine exerted an “anti- 
phenylalanine”’ effect. ‘These preliminary experiments (1) gave incon- 
clusive results, although some indications of an antagonism were obtained, 
and a further investigation of this point therefore seemed necessary. The 
present communication is concerned with such an investigation of the ef- 
fect of thienyl-pL-alanine, thienyl-p-alanine, and thienyl-L-alanine on the 
growth of rats. 


EXPERIMENTAL 


Young male albino rats purchased from the Rockland Farms were used 
for all the experiments. The basal diet, which contained a small amount 
of phenylalanine, had the following percentage composition: amino acid 
mixture (see Table I) 20.2, Osborne and Mendel salt mixture (5) 4, sucrose 
55.8, hydrogenated vegetable oil 19, corn oil (Mazola) 1. The following 
amounts of vitamins were added to each kilo of diet: thiamine chloride 6 
mg., calcium dl-pantothenate 40 mg., riboflavin 25 mg., nicotinic acid 25 
mg., pyridoxine hydrochloride 6 mg., inositol 1 gm., p-aminobenzoic acid 
200 mg., choline chloride 3 gm., vitamin A concentrate 40,000 units, vita- 
min D concentrate 4000 units, dl-a-tocopherol acetate 10 mg., and 2- 
methyl-1 ,4-naphthoquinone 1 mg. Control rats were maintained on this 
diet for periods up to 42 days and were found to exhibit slow growth. 


*The authors wish to express their appreciation to the Lederle Laboratories 


Division, American Cyanamid Company, for a research grant which has aided greatly 
in this work. 
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The animals were maintained on the basal diet for periods of time vary- 
ing from several days to several weeks. Thienyl-pi-alanine, thienyl-p- 
alanine, or thienyl-L-alanine was then added to the diet at the expense of an 
equal weight of sucrose, and the growth response was followed. After a 
suitable period pi-phenylalanine was added in addition to the thienylala- 
nine. The growth rates and average daily food intakes are summarized in 
Tables Il and III. In a few experiments the effect of L-tyrosine on the 
growth of animals fed a diet containing thienyl-pL-alanine was investigated, 
TaBLe I 

Composition of Amino Acid Mixture 


Amino acid cent in Amino acid cent in 
iet diet 
pL-Alanine 0.4 1.9 
L-Arginine: HCl 0.6 pi-Methionine | 6.7 
L-Aspartic acid. 0.2 pi-Phenylalanine 
-Cystine........ 0.2 | u-Proline........ 0.2 
L-Glutamie acid. 2.0 | pu-Serine...... 0.2 
L-Histidine- HCl-H-O 0.7  w-Tryptophan 0.4 
Hydroxy-t-proline.. 0.1 pu-Valine.... 2.0 
pL-Isoleucine... | 1.8 | NaHCQ,... 1.3 
pL-Leucine .... 2.6 | 


RESULTS AND DISCUSSION 


It was found in preliminary experiments that a diet containing | per cent 
thienyl-pi-alanine caused a loss in weight for a period of 4 to 10 days, which 
was followed by slow growth; this was also true for diets containing 1 per 
cent thienyl-p-alanine or 1 per cent thienyl-L-alanine. A higher level of 
the isomers was therefore tried. 

In the experiments described in the present paper, a 2 per cent level was 
employed. The inclusion of any one of the three forms of thienylalanine 
in the diet at this level invariably resulted in an immediate and rapid de- 
cline in weight. Spontaneous resumption of growth on a diet containing 
2 per cent thienylalanine was never encountered, even in cases in which 
feeding was continued for more than 4 weeks. The addition of phenyl- 
alanine to the diet containing 2 per cent thienylalanine counteracted the in- 
hibition of growth. The extent of the inhibition produced by thienylal- 
anine and of the reversal of this inhibition by phenylalanine was subject to 
individual variation, as is evident from the growth records given in Tables 
II and III. 
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None 


2% thienyl pt 
None 

2% thienvl-p1 
None 


thienyl-pL 


907 


thienyl-pi-alanine + 1.8% 


nine 


nine 
None 


2% thienvl-pi 


2% 


nine 


2% thienyl-pL- 


None 


2% thienyl-pL 


a“ 
2% 

nine 
None 


2% thienyl-pL- 


2% 

nine 
None 


-alanine 


-alanine 


-alanine 


-alanine 


alanine 


-ulanine 


alanine 


1% thienyl-pt-alanine 


27% 

2% 
nine 

None 


2% thienyl-pL- 


nine 


alanine 


Tasre Il 
Summary of Feeding Experiments with Thienyl-vi-alanine 


+ 


+ 


Supplement to basal diet 


1.3% 


OF 
/O 


3% 


3% 


+ 1.3% 


2% thienyl-pi-alanine + 1.8% 


nine 
None 


2% thienyl-pu-alanine 


/t 


nine 


+ 1.3% 


2% thienyl-pi-alanine + 1.8% 


nine 


* Rat died. 


pL-phenylala- 


pL-phenylala- 


pL-phenylala- 


pL-phenylala- 


pL-phenylala- 


pL-phenylala- 
| 
| 
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pL-phenvlala- 


pL-phenylala- 


bL-phenylala- 


pu-phenylala- 


1.7 


gm. 
73-115 
S3-1 
122-136 


136- 66* 


112-122 
122- 78 
103-128 


128-105 
105-111 


106-123 


— 


123- 97 
Q7- ] ] 5 


115- 99 | 
108-122 


122- 99 
99 


118-135 | 
135-108 
10S—124 | 


72- 89 
89-102 
102- 92. 
92-108 | 


108-126 | 
| 126- 91 | 


91- 94 
96 
115-139 
139-108 
108-104 


104-103 
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Food 
Rat Diet a con- Weicht Growth 
No. period sump change rate 
tion 
days gm. em. 
; per day per day 
35 2 7 6.2 +1.0 
38 35 5.6 +0.9 
6.9 +1.6 
63 10 6.2 0 
1() 2.3 
49 10 5 
+2.0 
4.0 ~2.3 
56 5.9 +1.3 
|| 1.7 -3.3 
| : + 1.57% 3.9 0.0 
| 
7.8 +3.4 
nt 
ch 36 | 6.6 +-1.5 
15 | 4.8 
0 5 + i 6.8 +3.2 | 
-as 48 13 5.5 +1.4 
Ing 3.5 +0.2 
45 19 6.0 
bles | 
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No. 
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43 


47 


50 


39 


Diet 
period 
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Supplement to basal diet 


None 
2% thienvl-p-alanine 
2% 
nine 
None 
2% thienvl-p-alanine 
207, 
nine 
None 


1% thienyl-p-alanine 


2°7, 
nine 
None 
2% thienyl-p-alanine 
2% 


nine 


None 


2% thienyvl-L-alanine 
2% 
nine 
None 
1% 
2% “ 
2% 
nine 
None 
2%, thienyl-L-alanine 
2% 
nine 
None 


1% thienyl-pi-alanine 


1% thienyl-L-alanine 


‘ 
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TABLE (II 
Summary of Feeding Experiments with Thienyl-v-alanine and Thienul walanine 


Ro, 


3% 


‘ ay 
3% 


DL-phenyvlala 


pL-phenylala- 


pL-phenvlala 


pi-phenylala- 


pu-phenviala- 


pL-phenvlala- 


DL-phenvlala- 


pL-phenvlala- 
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con 
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em 


pr r day 


Wercht 
cnane 


gm. 
108-123 
123-101 
101-130 


LIS-1382 
132-107 
107-130 


LOS 
99 
SO 
SO-110 


121-135 
135-110 
110-104 


110-127 
127-108 


108-123 


S6-116 
116-110 
110— OS 


116-124 
124-102 
102-102 


73-115 
115-llo 
115-113 


113-103 


103-120 


Growth 
rate 


It is interesting to note in connection with the inhibitory activity of 
thienyl-p-alanine for the rat that a diet containing p-phenylalanine in place 
On the other 


of L-phenylalanine can support the growth of the rat (6). 
hand, Lactobacillus delbrueckii, for which thienyl-p-alanine has been re- 
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ported to be inactive (4), cannot utilize p-phenylalanine for growth (7). 
The other microorganisms for which thienyl-p-alanine has been shown to 
be inactive, Saccharomyces cerevisiae and Escherichia coli (4), do not require 
phenylalanine in the medium for growth. 

An investigation was made of the effect of tyrosine on thienylalanine in- 
hibition. In the case of four animals which had received the diet con- 
taining 2 per cent thienyl-pL-alanine for 4 to 6 days, the addition of 4 per 
cent L-tvrosine to the diet failed to cause any resumption of growth, al- 
though feeding of tyrosine plus thienylalanine was continued for 3 weeks. 
Feeding of 4 per cent L-tyrosine over the whole period of thienylalanine 
feeding failed to prevent the usual weight loss. The addition of 4 per cent 
L-tyrosine to the basal diet containing no thienylalanine did not decrease 
the rate of growth of control animals. 

Although these results do not eliminate the possibility that tyrosine 
might be able to counteract the toxicity of thienylalanine under other diet- 
ary conditions, they do make it appear unlikely that such would be the 
case. For comparison, it may be noted that tyrosine is unable to reverse 
the toxicity of thienvlalanine for Saccharomyces cerevisiae but can reverse 
the toxicity for Escherichia coli (3). In the case of the latter organism, evi- 
dence has been presented to show that thienylalanine prevents the synthe- 
of tyrosine from phenylalanine (8). 


SUMMARY 


The effect of 8-2-thienyl-pL-alanine and the p and L isomers on the growth 
of rats fed a diet low in phenylalanine has been investigated. At a level of 
2 per cent in the diet, all three forms of thienylalanine produced an inhi- 
bition of growth which could be counteracted by pi-phenylalanine. The 
antagonistic relationship between phenylalanine and thienylalanine, pre- 
viously known only in microorganisms, has thus been extended to mam- 
malian metabolism. ‘The effect of tyrosine on the inhibition of growth 
produced by thienylalanine has also been investigated. 
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THE CONVERSION OF S*-HOMOLANTHIONINE TO 
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(Received for publication, January 11, 1949) 


S-Bis(y-amino-y-carboxypropyl)sulfide, which we named homolanthi- 
onine, was found to be available to the rat for growth in lieu of cystine 
either on a low casein diet or on a diet in which the sole source of protein 
was supplied by a mixture. of amino acids (1). This observation could 
not be easily explained on the basis of the assumption that homolanthi- 
onine was cleaved in vivo to yield homocysteine. Very poor growth was 
obtained with homolanthionine on diets which furnished choline and 
cystine, whereas with homocystine instead of homolanthionine good growth 
was obtained under similar conditions. Yet, homolanthionine stimulated 
the growth on diets containing minimal amounts of methionine. Since 
our preparation of homolanthionine consisted of a mixture of three isomers, 
it appeared possible that one of the isomers of homolanthionine yielded 
homocysteine in vivo, which in the presence of choline was converted to 
methionine, and thereby increased the amount of methionine available 
to the rat ingesting a diet containing minimal amounts of methionine. 
Such a formation of homocysteine from one of the isomers of homolanthi- 
onine would have to be small, indeed, since in the presence of choline and 
cystine, but with no methionine in the diet, this amount of formed methi- 
onine was insufficient to stimulate the growth, although maintenance of 
weight was secured. 

These considerations of the data led us to the conclusion that at least 
one of the isomers of homolanthionine gave rise to cystine in the rat with- 
out the preliminary cleavage of the thioether to homocysteine. A working 
hypothesis was proposed which would tentatively explain such a trans- 
formation of homolanthionine to cystine (1). 

Before proceeding with the elaboration of evidence in support of the 
proposed intermediates in such a transformation, it appeared necessary 
first to furnish proof that cystine is elaborated from homolanthionine. 
Since our hypothesis suggests that the sulfur of homolanthionine, and not 
necessarily its carbon chain, is available for the synthesis of cystine in the 
tat, the use of radioactive sulfur as a metabolic label appeared eminently 
suitable for testing directly this particular aspect of the hypothesis. 


* Aided by a grant from the Williams-Waterman Fund of the Research Corpora- 
tion, New York. 
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The present report furnishes a direct proof that the sulfur of homolanthi- 
onine is available for the synthesis of cystine in the rat. 


EXPERIMENTAL 


A sample of S*®-S-benzylhomocysteine with the activity of 4 xk 1 
counts per minute per mg. was obtained through the courtesy of Dr. H. 
Tarver of the University of California. S*-Homolanthionine was syn- 
thesized from this preparation by the previously described method (2), 
The compound was analytically pure, and it was free of either the thiol or 
the disulfide groups as far as could be determined by the existing methods, 
For feeding experiments the radioactive homolanthionine was diluted 
20-fold with ordinary homolanthionine. 

Three male rats (litter mates) of the Wistar strain, born and raised in 
the laboratory, were used. The animals were not previously experimented 
with. They were kept in individual metabolism cages, and water and food 
were allowed ad libitum. All rats were fed for 3 days the amino acid 
mixture diet (1), which was supplemented with 0.5 per cent choline chloride 
and 0.25 per cent of pi-methionine. On the 4th day the rats weighed 
87 to91 gm. Rat 272 then received, mixed with the diet, 0.8 gm. of S*- 
homolanthionine per 100 gm. of food, Rat 273 received the same amount 
of ordinary homolanthionine, and Rat 274 was continued as a control on 
the same dict as was fed before. The feeding was continued for an addi- 
tional 12 days, at the end of which time the experiments were terminated 
and the weight of all the rats and the weight of the food consumed were 
recorded. 

The rats which ingested the homolanthionines were killed by a blow, 
and the hair of each animal was removed separately by an electric clipper. 
About 1 gm. of hair from each rat was collected. The hair was washed 
with soapy water, then with ethanol, followed by ethyl ether. The dry 
material from each rat was hydrolyzed separately with 30 times its weight 
of 1:1 mixture of formic and hydrochloric acids by refluxing for 17 hours. 
The acids were removed by distillation at reduced pressure, and the residue 
was dissolved in 10 ml. of 1 N HCl. From this point on a modification of 
the Vickery-White procedure (3) for the quantitative precipitation of 
cysteine as the cuprous mercaptide was used. After buffering the acid 
solution of the digest with acetate buffer to pH 4.5, the volume was adjusted 
to about 30 ml. with water and the solution was heated on a water bath 
to about 80°. Cuprous oxide was then added in small portions to the 
solution with mechanical agitation, until a small excess of the oxide was 
present. Reduction of cystine to cysteine prior to the addition of cuprous 
oxide was found to be unnecessary (4). 

The precipitated material was allowed to settle for about an hour, re- 
moved by centrifugation, and washed three times with ethanol. The 


| 

| 

| 

| 


J. A. STOEKL AND K. WEISS 9 


washed material was suspended in 30 ml. of 1 N HCl, and, while kept hot, 
was decomposed with a stream of H:S. Copper sulfide was removed by 
centrifugation, washed with 1 N HCI, and.the washings were added to the 
supernatant fluid. The volume of the solution was reduced to about 8 
ml., and the cysteine was oxidized tocystjne by careful addition of an aleo- 
holic solution of iodine, avoiding an excess. The pH of the solution was 
then adjusted to 4.5 with dilute ammonia, and, after cooling in the refriger- 
ator overnight, cystine was removed by centrifugation and recrystallized 
twice from dilute hydrochloric acid with dilute ammonia. For analysis, 
the isolated cystine was washed with ethanol, then with ether, and dried 
in vacuo at 100° over P,O;. About 74 mg. of pure cystine per gm. of rat 
hair were obtained. The product, on analysis, contained 26.59 per cent of 
sulfur; calculated for cystine, 26.67 per cent. 


TaBLe 


Data on Feeding Experiments, and Activities of Administered Homolanthionine and of 
Isolated Cystine 


Homolanthionine fed Activity of BaSOw 


12 days per day cas Cystine 
gm. gm. me. me. counts per min. counts per min. 
272 12 5.0 480 S900 130 
273 13 5.1 490 0 0 
274 3 3.0 None 


* Corrected for background which was 17 5 counts per minute. 


The data on growth and the activities of the homolanthionine fed and 
of the isolated cystine are summarized in Table I. For radioactivity 
measurements the homolanthionine and the cystine were oxidized with 
concentrated nitric acid, followed by digestion with Denis’ reagent (5), 
and the sulfates were isolated as BaSO,y. The measurements of the ac- 
tivities were made on BaSO, spread in an “infinitely thick”? layer over an 
area of 5 sq. em. under a mica window counter (6). We wish to express 
or thanks to Dr. S. Weinhouse of Temple University for extending the 
facilities and assistance in carrying out these measurements. 


DISCUSSION 


The data in Table I show that the activity of the isolated cystine was 
ébout 1.5 per cent of the total activity of the administered S*-homolan- 
thionine (130 of 8900 counts per minute). Considering the fact that the 
hair of the rat which was fed the radioactive homolanthionine was not 
removed before the administration of the compound was instituted, con- 
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siderable dilution of S*-cystine with preformed cystine must have taken 
place during a relatively short experimental period. In spite of this, the 
activity of the isolated cystine was sufficiently high to establish beyond 
reasonable doubt that the sulfur of homolanthionine is available to the 
rat for the synthesis of cystine. 

In order to check the unlikely possibility that the radioactive homolan- 
thionine found its way into the rat hair and was carried down as an im- 
purity with inactive cystine during the isolation procedure, we added 
active homolanthionine to inactive cystine, dissolved the mixture in 1 x 
HCl, and carried out the isolation of cystine, as described before. The 
isolated cystine was inactive. There is no doubt, we believe, that the 
activity of the isolated cystine was not a result of contamination by radio- 
active homolanthionine within the hair of the rat. However unlikely, 
the possibility still remains that, in addition to radioactive cystine, radio- 
active homolanthionine or its metabolic products may have been present 
in the rat hair. 

Of course, our data do not disclose any information regarding the fate 
of the carbon residue of homolanthionine or the origin of the carbon chain 
of cystine; nor do they elucidate the nature of the intermediates which are 
involved in the transformation of homolanthionine to cystine. Further 
work with isotopic labels in various positions of the homolanthionine mole- 
cule is clearly desirable. As we have pointed out previously (1), pure iso- 
mers of homolanthionine must be made available before one can definitely 
state which isomer is involved in the transformation of homolanthionine to 
cystine and, perhaps, to methionine. 

That an artifact such as homolanthionine should give rise to cystine in 
vivo encourages further work on the problems of the proposed intermediates 
in this transformation (1), of the possible origin of homolanthionine from 
methionine, and, perhaps, its occurrence in natural products. 


SUMMARY 


S*-Homolanthionine was synthesized and fed with food to rats. After 
12 days, cystine was isolated from the hair. The isolated cystine was 
radioactive. The conclusion is drawn that the sulfur of homolanthionine 
is available to the rat for the synthesis of cystine. 
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THE DETERMINATION AND THE URINARY EXCRETION OF 
CAFFEINE IN ANIMALS* 
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(From the Department of Legal Medicine, Harvard Medical School, Boston) 


(Received for publication, January 14, 1949) 


Caffeine, its physiological actions, and its metabolic fate have been of 
great interest to the medical profession for many years because of the thera- 
peutic value of the drug as a respiratory and circulatory stimulant, and its 
wide-spread consumption in beverages. Despite this, a suitable method 
for the detection and quantitative determination of small amounts of caffe- 
ine in body fluids has not been available. It is the purpose of this paper 
to present such a technique, along with certain observations concerning the 
excretion of caffeine by the dog and horse. 

Chronologically, caffeine determination has passed from the stage of ulti- 
mate analysis of extractive residues early in this century (1, 2), through 
colorimetric procedures in the 1930’s (3), to the use of ultraviolet spectro- 
photometry (4). The former are not applicable to urine and blood be- 
cause of the impracticability of obtaining caffeine-containing extracts of 
suficient purity for routine carbon and nitrogen analyses to yield signifi- 
cant results. The colorimetric procedure, with use of the murexide reac- 
tion, as described by Tanaka and Ohkubo (3), has, in our experience, failed 
to yield sufficient precision and specificity to allow its use in analysis of 
caffeine-containing urines. Ishler, Finucane, and Borker (4) have reported 
the use of the ultraviolet absorption spectrum of caffeine for its determina- 
tion in coffees and crude caffeine preparations. This laboratory has been 
studying the ultraviolet absorption spectra of various methylated xan- 
thines during the past year and has developed a technique based on these 
phenomena which allows detection of caffeine in amounts as small as 2.5 
per cc. of urine. Ishler et al. have described the ultraviolet absorption 
spectrum of caffeine and found that it conforms to the Beer-Lambert law. 
We also confirm these findings and have obtained a molecular extinction 
of 10,800 (log J)/7 = 0.635 at 273 mu for 12.5 y per ce.). Fig. 1 shows 
the spectrum of pure caffeine. 


Analytical Method 


Apparatus—A Beckman DU quartz photoelectric spectrophotometer, 
equipped with 10 mm. quartz cells, is used. 


* This research was supported by a grant from the Eastern Racing Association, 
Inc., Revere Racing Association, Inc., Massasoit Greyhound Association, Inc., and 
the Taunton Greyhound Association, Inc. 
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Reagents— 

. Saturated aqueous solution of lead acetate (Pb(C2H3QO:).-3H.O),. 
Anhydrous powdered Nae('Os, reagent grade. 

Powdered NaHCO, reagent grade. 

. Saturated aqueous NaHCO, solution. 

. 0.05 HCI; prepared from redistilled HCI. 

. Specially purified CHCl. Reagent grade CHC|;, washed serially with 
10 per cent NaOH, concentrated H,SQ,, two portions of distilled water, 
and then redistilled from glass. 


DENSITY LOG 
8 


i 


8 


220 230 240 250 260 270 280 290 300 310 
WAVE LENGTH mA 


Fic. 1. Ultraviolet absorption spectrum of caffeine, concentration 12.5 y per ce., 
in HC! at pH 3. 


Procedure 


Urine—A 40 cc. specimen of the urine is treated by the dropwise addi- 
tion from a burette of a saturated solution of lead acetate until precipita- 
tion is complete. The solution is filtered and 1.0 gm. of NaHCO, is added 
to the filtrate. NasCQO; is then added to pH 9.0 + 0.5 (universal indicator 
paper). This results in the precipitation of excess lead, and the solution 
is again filtered. A 20 cc. aliquot of the filtrate is shaken serially with two 
20 ce. portions of CHC]; ina separatory funnel. The combined CHC}, ex- 
tracts are washed once with 5 ec. of 0.05 n HCl and dried by filtering 
through anhydrous sodium sulfate suspended on a cotton pledget in a small 
funnel. The solvent is then removed by vacuum distillation at room tem- 
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perature. The final residue, usually crystalline if caffeine is present, is 
taken up in 10 cc. of warm water, filtered through cotton into a quartz cell, 
and the optical density recorded throughout the range 220 to 310 mu. 
There will frequently be a small amount of water-insoluble amorphous ma- 
terial in the final residue (after chloroform evaporation), but it may safely 
be disearded, as we have found that this fraction, when dissolved in alcohol 
or chloroform, does not exhibit characteristic absorption bands in the ultra- 
violet. 

Blood—A Folin-Wu filtrate is prepared with 15 cc. of blood, 75 ce. of 
water, 30 ec. of 10 per cent Na, WQO,-2H,O, weight by volume, and 30 ce. 
of 4 N HeSOy. 75 cc. of this filtrate are extracted directly with two 25 ce. 
portions of CHC}, and the extracts washed, dried, and further treated as in 
the procedure for urine, except that solution of the final residue for spectro- 
photometry is effected in 4 cc. of water. 


Calculations 


Urine—The optical density of the final washed urine extract is due to 
two components, viz. caffeine and other chromogens. To correct for the 
non-caffeine chromogens it is necessary to establish a ‘‘blank.”’ This may 
be done experimentally by treating non-caffeine-containing urines by the 
analytical procedure. The magnitude of the optical density of such ex- 
tracts of negative urine will vary considerably (Table I), depending princi- 
pally on the relative amounts of chromogenic substances in the initial speci- 
men. 


The calculation is 
C = 0.0246 (dy — dg) (40 + L) (1) 


where C = the concentration of caffeine in mg. per 100 cc., dy = the optical 
density of the unknown (at 273 mu); dg = the optical density of the ex- 
tract of the non-caffeine-containing specimen (at 273 mu); L = the volume 
of lead acetate solution added in the first step of the extraction procedure. 

With urine specimens containing more than about 5 y per cc. of caffeine, 
it will be necessary to dilute the final extract before spectrophotometry. 
In this case dy will be obtained by multiplying the observed density of the 
diluted extract by the dilution factor. 

It has been found possible to apply an alternate procedure for estimating 
the blank in routine analyses of urine specimens in which an initial nega- 
tive urine cannot be obtained. For this purpose it may be assumed that 


the absorption due to chromogens other than caffeine decreases as a 
straight line function in the range 245 to 300 mu. The construction of 
such a blank absorption curve on an observed final extract spectrum is 
shown in Fig. 2 (line AB). 


The selection of the 300 my point (3) is based 
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on the fact that caffeine has essentially zero absorption at 300 my (Fig. 1). 
The other point (A) is taken as the minimum of the observed curve in the 
region of 240 to 250 mu. For pure caffeine (Fig. 1) the construction of such 
a line and observations of its ordinate at 273 mu yield a value (a) which 
equals 15.7 per cent of the maximum absorption (a + }). In the unknown 
specimens the blank curve is constructed and its ordinate at 273 my is de- 
ducted from the observed maximum. The resulting value is then adjusted 
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Fic. 2. Absorption spectrum of an extract of caffeine-containing urine, showing 
the construction of the blank absorption curve, AB. 


for the ratio of b to (a + b) (multiply by 1.19) and this value (d,) substituted 
in Equation 1 for the (dy — dg) term; ?.e. 


C = 0.0246d, (40 + L) (2) 


Blood—The same general considerations apply to blood as to urine with 
regard to alternate methods of estimating the blank (absorption due to 
chromogens other than caffeine). The equations are 


C = 1.05(dx — dg) (3) 
C = 1.05d, (4) 
Comments 


A series of ultraviolet absorption spectra typical of those obtained in 
analysis of urine is shown in Fig. 3, where the spectra of the final extracts 
of the 1, 2, and 8 hour specimens from Experiment IIT (Table III) are 
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plotted. The volume of urine sample and the final volume of extract sub- 
mitted to spectrophotometry were 25.0 cc. each, dilution of the extract to 
this final volume being necessary because of the concentration of caffeine 
present. The blank curve (0 hour) was obtained in this case from urine 
collected immediately before the caffeine was administered. 

Table I illustrates the significance, in the final analytical results, of the 
two alternate methods of estimating the non-caffeine chromogens in the ex- 
tract subjected to spectrophotometry. These determinations are selected 
from the experimental results reported subsequently in this paper. They 
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Fic. 3. Absorption spectra of extracts of urine from caffeine-stimulated dog. 
25 ec. samples; final extracts diluted to 25 cc. 


exemplify urine and blood specimens in which the caffeine concentrations 
varied within wide limits. Examination of the results shows that there is 
close agreement between the two methods when dog urine is analyzed. 
(The limits were from 96 to 104 per cent and the range of caffeine concen- 
tration was from 0.24 to 4.7 mg. per 100 ce. of urine.) This is to be ex- 
pected when the magnitude of the blank is low, as is generally character- 
istic of dog urine. In the case of horse urine, the disparity is greater, with 
one pair of results differing by 38 per cent. This, however, was in a speci- 
men with very low caffeine concentration and a relatively high non-caffeine- 
chromogen content (0.25 mg. per 100 cc. of caffeine and dg = 0.232). 
Both theobromine and theophylline have absorption spectra which are 
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quite similar to, though not identical with, that of caffeine and theoreticaliy 
would interfere with the determination of caffeine. In actual extractions, 
approximately 35 per cent of theobromine present in original solutions (con- 


TaBLe I 
Effect of Calculating Results with Estimated Blank 


Concentra- Concentra 
dx ds ed | iver: Remarks 
 calculat gence 
with dp by 


| | percent 


0.414 0.232 0.21 | —38 (See Table II) Horse urine, 0.25 
| | | mg. caffeine added per 100 ce. 

4.070 | 0.232 4.3 4.3 QO Horse urine, 5.0 mg. caffeine added 
| | per 100 cc. 

0.313 0.093 | 0.24 | 0.2 —4 Dog urine, 0.25 mg. caffeine added 
| | | | per 100 ce. 

4.340 0.093 4.7 | 4.9 +4 Dog urine, 5.0 mg. caffeine added 
| | | per 100 ce. 

0.830 | 0.170 0.73 | 0.64 —12 (See Table IV, Experiment III) 
| | | Horse urine. Isthr. 

0.756 |0.170 | 0.65 | 0.65 | 0 2ndhbr. 

1.115 | 0.330t' O.87 0.69 ~—21 (See Table IV, Experiment IV) 
| | Horse urine. Ist hr. 

1.5449 | 0.342¢' 1.3 1.4 +5 10th hr. 

1.239 0.094 1.3 0 (See Table III, Experiment II) 


Dogurine. Ist hr. 


0.604 0.0084 06 06 | -2 8th hr. 

0.409 0.133 | 0.29 | 0.26 —10 (Experiment III) Horse blood. 
| | 10 min. after administration 

0.400 0.133 0.28 0.28 | 0 

0.660 0.114 0.57 0.57 | 0 (Experiment 1) Dogblood. Ist hr. 
| after administration 

0.598 0.114 0.50 0.46 —s 2nd hr. after administration 


* Ratio of the difference between the two results and the result based on calcula- 
tions with dz. 

t Same ‘‘blank’’ urine specimen but analyzed on successive days. Note increase 
in dg with increasing age. 


centrations of 0.25 and 5.0 mg. per cent) was recovered in the final residue. 
With theophylline in similar concentrations, less than 2.5 per cent was re- 
covered, and it is judged that it would not interfere with caffeine determi- 
nation except under very extraordinary conditions. 

The acid washing of the combined chloroform extracts serves to remove 
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certain organic bases from the solution and thereby prevent their inter- 
ference in later spectrophotometry of the caffeine. (Among these are 
strychnine, benzedrine, and nicotine.) Further studies are in progress with 
the intention of determining these substances, should they be present in the 
specimen of urine examined. If the acid extract is to be examined spectro- 
photometrically, a preliminary wash of the chloroform is advisable (4 ce. of 
saturated sodium bicarbonate solution). 


Results 


In Vitro—Varying amounts of caffeine were added to samples of horse 


and dog urine and the specimens analyzed by the above technique. The 
recoveries are shown in Table II. 


TaBLe II 
Recovery of Caffeine Added to Urine 
Horse | Dog 

Known Found Known Found ; 
concentration concentration Recovery concentration concentration Recovery 
mg. per 100 cc. mg. per 100 cc. per cent mg. per 100 cc. meg. per 1) cc. per cent 

0.25 0.2) s4 0.25 

5.0 4.3 SH 1.4 1.3 93 


9.0 


‘oa | 


Dogs—Female greyhounds were prepared for catheterization by surgical 
exposure of the urethral orifice and the incisions allowed to heal. Caffeine 
was administered intravenously and by stomach tube and urine specimens 
collected at intervals and analyzed for caffeine. The results are presented 
in Table IIT. 

Blood specimens taken at 1 and 2 hours after the intravenous dosage were 
analyzed and showed 0.57 and 0.50 mg. per 100 cc. of caffeine respectively. 

It is apparent at once that only a very small fraction of an administered 
dose of caffeine is recoverable in the urine. Further, the magnitude of this 
is influenced by the relative diuresis. Thus in Experiment II, water di- 
uresis occurred because of the administration of 625 cc. of water with the 
caffeine, and 7.5 mg., or 3.0 per cent, of the administered dose were re- 
covered in 6 hours. In Experiment I, in which water was not given by 
stomach tube, only 0.7 per cent was recovered in 6 hours. 

Horse—The elimination of caffeine by a mare was studied after intra- 
venous and oral administration of the drug. The urine specimens were 
collected through a large Foley catheter which was kept clamped between 
collections of the various samples. Table IV shows the results of these 


studies. 


| 
d 
d 
rd. 
hr. 
la- 
ase 
ue. 
rmi- 
v | 


III 


Concentration and Recovery of Caffeine in Dog Urine 


Caffeine 
Urine - Remarks 
volume 
cc. mg. per 100 ce. mg. 
28 1.4 0.39 | Experimentl. Weight 20.5 
14 1.3 0.18 kilos; caffeine sodium ben- 
27 2.0 0.54 zoate, 400 mg. intraven- 
24 1.2 0.29 ously 
93 1.40 | 0.7% recovery 
96 1.3 1.2 | ExperimentII. Weight 25.0 
294 1.1 3.2 | kilos; caffeine citrate, 0.5 
224 1.0 2.2 gm. in 625 cc. water per 
114 0.82 0.9 os; water ad libttum 
150 0.66 1.0 
250 0.88 2.2 
537 0.37 2.0 
1665 5.1% recovery 
Tasie IV 
Concentration and Recovery of Caffeine in Horse Urine 
| | Remarks 
mg. per 100 cc. 
Experiment III. 3.0 gm. ecaf- 
0.65 feine sodium benzoate intra- 
0.65 venously; weighing 
0.88 about 430 kilos 
| 0 .5% recovery 
0.87 2.9 | IV. 3.0 gm. caf- 
1.1 6.1 feine alkaloid orally in gela- 
1.6 | 2.2 tin capsule; same mare as in 
1.5 | 3.8 Experiment III; recovery in 
1.4 9.2 first 4 hrs.,0.5°% 
1.5 0.6 
| 12.9 
1.3 | 7.0 
0.92 | 7.4 
9.2 
1.2 16.0 
4.1 
0.71 6.0 
87.4 2.9%recovery 


| 
| 
Dosage of | bee 
cafieine 
9.75 | 
Total... 
10.0 
Total... 
Time after 
administration 
2 
3 
4 
| 
2 
3 
4 | 
5 
6 
10 
12 
154 
19 
21 | 
24 
Total..... 
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Examination of these results shows that after intravenous administra- 
tion of caffeine the urine level of the drug is approximately the same in each 
of the first 4 hourly specimens. Blood samples taken 10 and 70 minutes 
after injection of the drug were analyzed and showed 0.29 and 0.28 mg. 
per 100 cc. respectively. These are to be contrasted with the 1st hour 
urine which contained 0.73 mg. per 100 cc., essentially 3 times that in the 
blood. The same general relationship was found in the dog in Experiment 
I (see Table III). 

After oral administration of caffeine to the horse, the concentration of 
caffeine in the urine rose progressively during the first 3 hours, remained 
relatively constant through the 8th hour, and then declined gradually to 
0.71 mg. per 100 cc. at the end of 24 hours. At 48 hours, a urine specimen 
contained approximately 0.17 mg. per 100 cc. of caffeine. Thus, with 
dosage of the magnitude described herein, it is readily possible to detect 
caffeine in any single urine specimen within the first 24 hours after ad- 
ministration. With the horse, as with the dog, only a small fraction of a 
given dose of caffeine was recovered in 24 hours. 


SUMMARY 


1. A method for rapid detection and determination of caffeine in urine 
and blood, with an ultraviolet spectrophotometric technique, is described. 
It is applicable to urinary concentrations of the drug as low as 2.5 y per cc. 

2. The procedure allows the isolation and detection of caffeine in the 
presence of other commonly used stimulants and the strongly basic alka- 
loids. 

3. Caffeine appears promptly in the urine of dogs and horses after the 
oral or intravenous administration of the drug. It continues to be excreted 
in the urine for at least 24 hours after administration. 

4. The urinary recovery of orally administered caffeine in the first 24 
hour period after dosage was 2.9 per cent in a horse and 5.1 per cent in a dog. 


We are indebted to Dr. J. A. McComb, of the Division of Biologie Lab- 
oratories, Massachusetts Department of Public Health, for cones in 
the horse experiments reported herein. 
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THE INFLUENCE OF MAGNESIUM AND COBALT ON THE 
INHIBITION OF PHOSPHATASES OF BONE, INTESTINE, 
AND OSTEOGENIC SARCOMA BY ..MINO ACIDS* 
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Witnu THE TreCHNICAL ASSISTANCE OF NORMA STRACHMAN 


(From the Memorial Hospital for the Treatment of Cancer and Allied Diseases and the 
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In previous papers some of the characteristics and the extent of the 
inhibition of alkaline phosphatase activity by a-amino acids were evaluated 
(1). The first concern of the present study was to investigate the influence 
of magnesium ion on this inhibition. Since the results which were ob- 
tained in this connection indicated the possibility that a-amino acids 
might exert their inhibitory action through combination with an essential 
metal component of the enzyme, the studies were extended to several 
other phases: (a) the effect of magnesium on the inhibition of bone and 
intestinal phosphatases by cyanide ion; (b) the influence of cobalt alone 
and in combination with magnesium upon the inhibition of these phos- 
phatases by amino acids; (c) the effect of sodium azide on the activity of 
phosphatase. Finally, it was considered of value to determine the extent 
to which the phosphatase of human osteogenic sarcoma resembled that of 
rat bone with respect to the inhibition by amino acids and the influence 
of magnesium and cobalt on this inhibition. 


EXPERIMENTAL 


The methods for preparing phosphatase extracts and for purifying them 
by dialysis have been described previously in detail (2). In the present 
work, rat bone, rat intestinal, and human osteogenic sarcoma phosphatases 
were made by this method. The degree of purity was defined in units as 
the ratio of the reaction velocity, in micrograms of inorganic phosphorus 
liberated as phosphate per cc. of hydrolysis per minute, to the total nitrogen 
content, expressed in mg., of the enzyme contained in 1 cc. of the hydrolysis 
mixture. The purity of rat bone phosphatase preparations usually aver- 
aged about 20 units at 24.80°, whereas that of intestinal phosphatase 
preparations ranged from 40 to 100 units at this temperature. The 
purity of one of the osteogenic sarcoma phosphatases, preparation MOSB, 


* This investigation was supported in part by a research grant from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service. 
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was 344 units at a temperature of 32.20°. This osteogenic sarcoma phos- 
phatase preparation was further purified by a method which was essentially 
that of Robison and his coworkers (3, 4) and which involved precipitation 
of the dialyzed preparation with an alcohol-ether mixture, extraction of 
the precipitate with dilute alcohol, and precipitation of this extract with 
alcohol containing 0.25 per cent sodium acetate. The purity of this 
preparation was 1240 units at 32.20°.! 

In most of the experiments reported in the present paper, the concen- 
tration of enzyme was 12.5 per cent by volume of the hydrolysis mixture; 
that of the substrate, sodium §8-glycerophosphate, was in the maximal 
range, 0.0254 m. The concentration of the buffer, sodium diethyl bar- 
biturate, was 0.5 gm. per 100 ec. of hydrolysis mixture or 0.024 mM. Small 
amounts of 0.1 N or 1.0 N sodium hydroxide or hydrochloric acid were added 
to vield the required pI] range. Magnesium, cobalt, amino acid, or any 
other substance or combination of substances pertinent to the particular 
experiment were added to the substrate-buffer mixture and allowed to 
remain at room temperature for about 5 to 10 minutes and at the temper- 
ature of the bath for another 5 minutes before the addition of the enzyme 
which had also been brought to the temperature of the bath. It was 
found, however, that there was no significant difference in reaction rate if 
the substrate were added last to a mixture of the enzyme and the other 
constituents. In the experiments dealing with the effect of cobalt, or 
magnesium, of both metals conjointly, or of the amino acids, cyanide, 
etc., each determination of phosphatase activity was carried out, as previ- 
ously described (2), at optimal alkaline pH which was assured by running a 
series of hydrolyses constituting a very closely spaced pH-activity curve 
in and about the optimal range. 

The reaction velocities were determined from the amount of phosphorus 


1 It was of interest to compare the purity of our preparations with that of Albers 
and Albers (5) who developed procedures for the purification of kidney phosphatase. 
Our values for the activities of the preparations used in the present work were re- 
calculated in terms of Martland and Robison units (3, 4); in this calculation the 
energy of activation of bone phosphatase (6) and the relation between total N con- 
tent and dry weight were taken into account. Martland and Robison (3) obtained 
crude preparations of bone phosphatase with an activity of 0.7 unit per mg. of dry 
weight and purified preparations with an activity of 5.7 units per mg. of dry weight. 
The purest kidney phosphatase preparations of Albers and Albers (5) had an s¢- 
tivity of about 50 to 60 units per mg. of dry weight. In the present work, the ac- 
tivities of an intestinal phosphatase, RIQ-d, of a bone phosphatase, RBQ-d, and of 
an osteogenic sarcoma phosphatase, MOSB-d1, were, respectively, 8.6, 2.2, and 25 
Martland and Robison units per mg. of dry weight. The activity of the purified 
osteogenic sarcoma phosphatase, MOSB-P, was 125 units per mg. of dry weight, or 
about 2 to 3 times that of the purest preparations of kidney phosphatase obtained 
by Albers and Albers (5). 
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liberated as inorganic phosphate at three time intervals spaced as equally 
apart as possible during the initial portion of the hydrolysis and were ex- 
pressed as micrograms of inorganic phosphorus liberated per ec. of hy- 
drolysis mixture per minute. The time during which these observations 
were made depended upon the activity of the preparation and varied from 
§ to 90 minutes. As previously pointed out (1) this initial portion was 
practically always of zero order. However, in the reactions in the presence 
of cobalt and amino acid at very high pH levels on the alkaline side of the 
optimum, the activity of the enzyme decreased and no strictly zero order 
portion could be obtained; in these latter instances the three readings were 
averaged. The liberated inorganic phosphate was determined by the 
method of Fiske and Subbarow (7) after assurance had been gained that 
the colorimetric readings were not affected by any of these substances at 
the concentrations employed in the experiments. The hydrolyses were 
conducted in a water thermostat regulated to within +0.03°, at 24.80° 
during the spring months and 32.20° during the summer months. In 
those experiments in which the relationship between pH and enzyme 
activity was of interest, the pH was determined electrometrically by 
means of a Beckman pH glass electrode meter standardized with buffers 
of pH 8.0, 9.0, and 10.0. The a-amino acids were of reagent grade and 
were from the following sources: Fisher, Eastman Kodak, and Merck. 
The a-amino acids were made up in solutions adjusted to a pH of about 
9.0, or else the necessary amount of sodium hydroxide was added to take 
into account the buffering capacity of the amino acids. Magnesium was 
used as MgCl, -6H:O (Fisher) and the cobalt as Co(NO;).-6H,O (Baker’s 
Analyzed reagent). 
Other techniques are described in connection with specific experiments. 


Results 


Influence of Magnesium on Inhibition of Bone Phosphatase by Amino 
Acids—Table I shows several typical series of experiments on the inhibition 
of the activity of rat bone phosphatase by amino acids in the absence of 
any added magnesium and in the presence of what would ordinarily be an 
optimal concentration of magnesium, 0.0125 m. It may be seen that the 
extent of activation by magnesium decreased as the concentration of 
inhibiting amino acid was increased. Indeed, at the higher concentrations 
of amino acids, magnesium exerted an additional inhibitory effect. 

The magnitude of the activating effect of magnesium with increasing 
concentrations of amino acid also appeared to depend on the extent to which 
the bone phosphatase extract had been dialyzed. Thus rat bone phos- 
phatase, preparation RBR-d2 (not shown in Table I), was dialyzed for 4 
days instead of the usual 2 days and showed, accordingly, a much greater 
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acceleration, 280 per cent, in the presence of 0.0125 mM magnesium. At 
concentrations of 0.0625 m and 0.156 m glycine, the activation due to 
magnesium was reduced to 150 and 140 per cent, respectively. When a 
small amount of magnesium was added to the dialyzed preparation so as 
to yield a final concentration of 0.0000125 m and thus simulate a less com- 
pletely dialyzed preparation, the activation by 0.0125 m magnesium was 52 
per cent in the absence of any amino acid and 8 per cent at a concentration 
of 0.156 m glycine. 


TABLe I 
Activation of Bone Phosphatase by Magnesium at Varying Concentrations of Amino 
Acids 
The conditions of tze reaction are as described in the text; temperature, 24.80°, 


Reaction velocity, as P 
liberated as inorganic 
phosphate per cc. per min. 


pin Amino acid Activation 
0.0125 
| per cenk 
RBP-d None 0.39 0.55 41 
0.00625 m glycine 0.41 0.56 36 
0.0245 “ 0.33 3 
0.0594 0.28 0.23 
RBO-d None 0.66 1.00 52 
0.0125 m hydroxyproline 0.70 0.91 44 
0.0375 0.63 0.66 5 
0.125 “ 0.36 0.30 
RBR-d None 0.49 0.64 31 
0.0375 m L-glutamic acid 0.52 0.57 10 
0.0813 0.46 0.47 2 
0.125 ““ 0.40 0.36 —10 
0.250 “ 0.28 0.1] —61 


The results which have just been presented would indicate that the 
usual relationship between phosphatase activity and magnesium concen- 
tration did not hold for bone phosphatase at inhibiting concentrations of 
amino acids. This fact is demonstrated more completely in Table II. 
In the absence of any added amino acid, the rat bone phosphatase prepa- 
ration, RBQ-d, shows the well established increase of activity with increase 
of magnesium ion until an optimai concentration of about 0.01 m mag- 
nesium was reached; thereafter, at the higher concentration of 0.125 m 
magnesium, decrease of activity resulted (8, 9). However, at a concen- 
tration of 0.0117 m L-histidine, the highest phosphatase activity was found 
at the minimal concentration of magnesium, 0.00001 m (that due to the 
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content of the dialyzed enzyme preparation), and the activity of the enzyme 
decreased as the concentration of magnesium was increased. Thus, at 
what would ordinarily be an optimal concentration of magnesium, 0.0125 
m, and would yield a maximal activity, the reaction velocity was decreased 
to 42 per cent of the velocity in the absence of any added magnesium. 
Influence of Magnesium on Inhibition of Intestinal Phosphatase by Amino 
Acids—Table III shows several typical series of experiments on the in- 
hibition of rat intestinal phosphatase preparations by amino acids in the 
absence of any added magnesium and in the presence of 0.0125 mM mag- 
nesium. In contrast to the effect on bone phosphatase, the extent of the 


TaBLe II 


Influence of Magnesium Concentration on Activity of Bone Phosphatase in Absence and 
Presence of u-Histidine 
The conditions of the reaction are as described in the text; temperature, 24.S0°. 
The bone phosphatase preparation, RBQ-d, was used. 


Reaction velocity, as P liberated as inorganic phosphate 
Concentration of added magnesum per cc. per min. 


No amino acid 0.0117 m t-histidine 


| Y 
0.0* | 0.387 0.108 
0.00125 | 0.462 0.093 
0.0125 | 0.524 0.045 
0.0375 | 0.513 0.034 
0.125 0.438 0.028 


The maximal reaction velocities are printed in bold-faced type. 
* The concentration of magnesium due to the content of dialyzed phosphatase 
preparation was 0.00001 M. 


activating action of magnesium remained constant, within experimental 
variation, as the concentration of amino acid was increased. That the 
usual relationship between magnesium concentration and phosphatase 
activity holds for intestinal phosphatase as well at high concentrations of 
amino acids as in the absence of any added amino acids is shown in 
Table IV. 

Influence of Magnesium on Inhibition of Phosphatases by Cyanide—The 
formation of complexes between heavy or transitional metal ions and amino 
acids has been demonstrated by a number of investigators (10-16). Zér- 
kendérfer- (11) submitted evidence for the formation of a complex between 
Magnesium and glycine and, possibly, other amino acids as well. The 
results which we have presented gave rise to two possible explanations; 
namely, either that the inhibition was due to the formation of an undissoci- 


ated compound between amino acid and magnesium, or else that amino 
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acids, by reacting with some metal component of the phosphatase other 
than magnesium, not only decreased the activity of the enzyme but, in the 


TaBLe III 
Activation of Intestinal Phosphatase by Magnesium at Varying Concentrations of 
Amino Acids 


The conditions of the reaction are as described in the text; temperature, 24.80°. 


Reaction velocity, as P 
as inorganic. 
Pp ate per cc. per min. 
| Noadded | 09-0125 ™ 
magnesium ™agnesium 
RIR-d None 0.25 0.85 240 
0.0125 m L-glutamiec acid 300 
| 0.11 | 0.45 | 310 
| 0.075 “ = 5 0.07 0.30 330 
« “ 0.065 | 0.23 250 
0.0031 mM L-histidine 240 
0.0125 “ = 0.063 | 0.26 310 
RIP-d None 79 
0.0375 m L-hydroxyproline 
TaBLe IV 


Influence of Magnesium Concentration on Activity of Intestinal Phosphatase in Absence 
and Presence of L-Histidine 
The conditions of the reaction are as described in the text; temperature, 24.80°. 
Rat intestinal phosphatase, RIP-d, was used. 


Reaction velocity, as P liberated as inorganic phosphate 


Concentration of added magnesium | per cc. per min. 
| No amino acid | 0.0117 m L-histidine 
0.00 : 0.197 | 0.082 
0.00125 0.282 | 0.082 
0.0125 | 0.360 | 0.120 
| 0.260 | 0.100 


The maximal reaction velocities are printed in bold-faced type. 


case of bone phosphatase, also affected in some manner the capacity of 
magnesium to activate the phosphatase. The first possibility was con- 
tradicted by the data of Tables II and IV, for, if inhibition were due to the 
removal of magnesium to form an undissociated magnesium-amino acid 
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compound, then an increase in the concentration of magnesium should 
have counteracted the inhibitory effect of the amino acid. This, however, 
was not the case. The second possibility suggested experiments with 
cyanide ion, since cyanide is known to form complexes with heavy or 
transitional metal ions (17) and is also a well established inhibitor of several 
enzymes, particularly those known to contain a metal component (18-22). 

Table V shows that 0.0125 m magnesium increased the activity of bone 
phosphatase when no cyanide was present but decreased it markedly at a 


TABLE V 


Activation of Bone and Intestinal Phosphatase by Magnesium at Varying 
Concentrations of Cyanide 


The conditions of the reaction are as described i in the text; te ope ature, 24. 80°. 


| Reaction wei as P liberated as 


Concentration | inorganic stibertiatsabot per cc. per min. 


Preparation of cyanide | Nae ey Activation 
No added 9.0125 M 
magnesium magnesium 
| | | per cent 
Rat bone phosphatase, 0.0 0.387 0.524 36 
RBQ-d 0.000125 | oF 27 
0.00125 | O.112 | 0.069 —38 
Rat intestinal phos- 0.0 0.35 | 0.82 135 
phatase, RIQ-d 0.000125 | 0.28 | 0.65 | 130 
0.000375 0.20 | 0.42 | 110 
0.00125 , 0.05% | 0.1388 | 135 


*It was difficult to obtain precise optimal velocities in this instance, since it was 
found that the rate increased during the course of hydrolysis at less alkaline pH 
levels. Incubation experiments showed that this was probably due to loss of HCN 
from the reaction mixtures and that this loss was naturally most marked in very 
slow reactions. The value given was based on the earliest point in the course of the 
hydrolysis. 


concentration of 0.00125 m cyanide. This result went hand in hand with 
the finding (Table VI) that, in the presence of cyanide, the highest bone 
phosphatase activity was found at the minimal concentration of mag- 
hesium and that the activity of the enzyme decre.sed as the concentration 
of magnesium was increased to what, in the absence of cyanide or amino 
acid, would have been an optimal concentration. In contrast, the degree 
of the activating effect of magnesium on intestinal phosphatase was un- 
affected by the presence of cyanide. The concentration of magnesium 
which gave maximal activity of the intestinal phosphatase was the same, 
0.0125 m, in the presence as well as in the absence of cyanide (Table VI). 

Effect of Sodium Azide on Bone and Intestinal Phosphatase Activity— 
Keilin (21, 22) found that sodium azide, like cyanide, strongly inhibited 
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tissue respiration and the activities of cytochrome oxidase, catechol oxidase, 
catalase, peroxidase, and uricase. For example, peroxidase was inhibited 
70 per cent by 0.003 m azide and liver catalase was completely inhib- 
ited by 0.001 m azide. On the other hand, xanthine oxidase which was 


TaBLe VI 


Influence of Magnesium Concentration on Activity of Bone and Intestinal 
Phosphatase in Absence and Presence of Cyanide 


The conditions of the reaction are as described in the text; temperature, 24.80°. 
Rat bone phosphatase, RBQ-d, and rat intestinal phosphatase, RIQ-d, were used. 


Reaction velocity, as P liberated as inorganic phosphate per cc. per min. 


ge — of | Bone phosphatase, RBQ-d | Intestinal phosphatase, RIQ-d 
No cyanide | 0.00125 m cyanide No cyanide 0.00125 mu cyanide 
M | Y | Y | 
0.00 0.387 0.112 0.353 0.059 
0.00125 | 0.462 0.092 0.64 0.098 
0.0125 0.524 0.069 0.82 0.138 
0.125 | 0.435 0.72 0.0380 


The maximal reaction velocities are printed in bold-faced type. 


TaBLeE VII 
Effect of Sodium Azide on Bone and Intestinal Phosphatase Activity 


The conditions of the reaction are as described in the text. The concentration of 
magnesium was 0.0125 m in all hydrolyses. Reactions were run at optimal pH and 
temperature of 32.20°. Rat bone phosphatase, RBR-d3, and rat intestinal phos- 
phatase, RIR-d1, were used. 


Reaction velocity, as P liberated as Inhibiti f 
a nhibition o 
a oe inorganic phosphate per cc. per min 

sodium azide 


Intestinal Intestinal 


Bone phosphatase phosphatase Bone phosphatase phosphatase 
M Y ¥ per cent per cent 
0.0 1.03 0.92 
0.97 0.95 6 —3 
0.0125 0.06 4 


) 125 0.77 0.67 25 27 
inhibited by cyanide was not affected by azide. Table VII shows that the 
inhibitory effect of sodium azide on bone and intestinal phosphatases at 
optimal pH and 0.0125 M magnesium was negligible. 

Effect of Cobalt on Inhibition of Phosphatase Activity by Amino Acids— 
We have already indicated the possibility that amino acids, by reacting 
with a metal component of bone phosphatase other than magnesium, might 
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in some as yet undefined manner decrease the capacity of magnesium to 
activate thisenzyme. It was therefore relevant to determine whether the 
activating effect of magnesium on bone phosphatase which had been 
inhibited by amino acids could be restored by supplying this metal com- 
ponent or some presumably similar metal component to the bone phos- 
phatase-substrate system. 

There are no direct data concerning the nature or even the existence of 
the metal component of bone or intestinal phosphatase. Massart and 
Vandendriessche (23), using spectographie techniques, have reported the 
occurrence of zinc, copper, iron, manganese, and magnesium in a purified 
kidney phosphatase preparation made by the method of Albers and Albers 
(5). In view of the lack of direct information concerning the nature of 
the metal component of bone or intestinal phosphatase, it was decided to 
determine whether there was a metal ion which acted as an activator of 
these phosphatases and which could also act to restore the magnesium 
activation of bone phosphatase inhibited by amino acids. Massart and 
Vandendriessche (23), Bamann and Heumiller (24), Roche and van Thoai 
(25), and Cloetens (26) have shown that manganese and cobalt activate 
phosphatase. In the present investigations, it was found that either 
manganese alone or cobalt alone, in the absence of added magnesium or 
amino acids, caused definite activations of bone and intestinal phosphatase 
preparations made as described earlier in this paper. Preliminary series 
of experiments with a bone phosphatase preparation, RBR-d4, and an 
intestinal phosphatase preparation, RIS-d, at varying concentrations of 
cobalt showed that maximal activation occurred at 0.001 to 0.01 mM cobalt. 
Aconcentration of 0.00125 mM cobalt was used in subsequent experiments. 

Before testing the capacity of cobalt to restore the activating effect 
of magnesium on bone phosphatase inhibited by amino acids, it was neces- 
ary to determine the effect of cobalt alone on phosphatase activity in the 
presence of various inhibiting concentrations of amino acids. The bearing 
upon our results of Burk’s recent work (14-16) concerning the formation 
a cobalt-amino acid complexes and their reversible oxygenation and 
treversible oxidation will be discussed later. 

Table VIII shows two typical series of experiments in which, as the 
concentration of amino acid was increased, the extent of activation by 
cobalt was decreased. This decrease was slight in the case of bone phos- 
phatase and marked for intestinal phosphatase. Other instances of the 
decrease in the activating effect of cobalt as the concentration of amino 
acid was increased will be presented later in conjunction with other data. 

The extent of the activating effect of cobalt at varying concentrations of 
amino acids was determined at optimal pH, in accordance with the tech- 
tique which was outlined earlier in this paper. It was observed that in 
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the action of bone phosphatase in the presence of cobalt and inhibiting 
amino acid there appeared to be a shift from the usual optimal range of 
about 9.0 to 9.5 towards a more alkaline region. The extent of this shift 
was determined more precisely electrometrically. Fig. 1 shows that the 
optimal pH range for the activity of the bone phosphatase preparation, 
RBR-d4, at a concentration of 0.00125 mM cobalt was 9.4 to 9.6. In the 
presence of this concentration of cobalt and 0.125 m glycine, the optima! 
pH was shifted to a value of 104 to 10.6. The shift when 0.0125 m L- 
histidine was used was less marked, namely, to about 9.9. No such shift 


VIII 
Activation of Bone and Intestinal Phosphatase by Cobalt at Varying Concentrations of 
Amino Acids 


The reaction conditions are as described in the text; temperature, 32.20°. Rat 
intestinal phosphatase, RIR-d1, and rat bone phosphatase, RBR-dl, were used. 


Reaction velocity, as P 
liberated as inorganic. 
phosphate per cc. permin. Activation 


cobalt 
per cenit 
Bone None 0.56 0.68 21 
0.00124 m L-histidine 0.43 0.62 44 
0.0031 0.35 0.44 31 
0.0093 0.20 0.25 25 
0.0124 “ 0.15 0.16 7 
Intestinal None 0.25 0.83 230 
0.0125 m L-glutamie acid 0.17 0.36 110 
: 0.11 0.11 0 


0.0375 * 


of the pH optimum towards the alkaline side was observed when the ac- 
tivity of intestinal phosphatase was determined in the presence of cobalt 
and amino acids (Fig. 1, 2). 

Influence of Conjoint Presence of Cobalt and Magnesium on Inhibition of 
Bone Phosphatase Activity by Amino Acids It has already been amply 
demonstrated in the course of this work that at inhibiting concentrations 
of amino acids the extent of the activation of bone phosphatase by either 
magnesium or cobalt alone was decreased, particularly so with the former 
metal. Table IX shows that at these concentrations of amino acids the 
extent of activation of bone phosphatase by magnesium and cobalt present 
conjointly was much greater than that by either magnesium or cobalt 
alone and often as great as, or greater than, the extent of activation of 
bone phosphatase when no inhibiting amino acid was present. In other 
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words, cobalt restored, either partially or completely, the activating effect 
of magnesium on bone phosphatase which was inhibited by amino acids, 
and tended to counteract this inhibition. For example, the inhibitions 
produced by 0.0625 m glycine in the absence of any added metal ion, in the 
presence of magnesium alone, and in the presence of cobalt alone were, 


A-BONE PHOSPHATASE, RBR-d4 
0.8- 


B-INTESTINAL PHOSPHATASE, RIS-d 


6.0- I, 


y OF P LIBERATED PER cc. 


00 l l l l 
8.0 9.0 10.0 11.0 
pH 

Fig. 1. The effect of glycine on the pH optimum of cobalt-activated bone and 

intestinal phosphatases. All reaction mixtures contained substrate and buffer as 

described in the text and 0.00125 m cobalt. The experiments of Curves I, and I, 

contained no glycine; those of Curves II, and II, contained 0.0625 m glycine. Tem- 
perature 32.20°. 


respectively, 52, 69, and 74 per cent. In the conjoint presence of mag- 
nesium and cobalt, the inhibition by glycine was only 26 per cent. The 
other results of Table IX show the same phenomenon, though to different 
degrees. 

That cobalt can restore the capacity of magnesium to activate bone 
phosphatase inhibited by amino acid after action on the substrate has 
begun is demonstrated in the experiments described below and shown in 
Fig. 2. Two substrate-buffer mixtures were made up so that, after addi- 
tion of 1 ce. of a bone phosphatase, RBR-d4, there would be a final re- 
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action volume of 8 ec. and final concentrations of 0.024 mM veronal buffer, 
0.0125 mM magnesium, and 0.0625 m glycine. The pH was optimal. 
Samples were taken 30 and 90 minutes after the beginning of the reaction. 
Within 30 seconds after the second sample had been taken, 0.1 cc. of 1 w 
cobalt and, in order to maintain the pH in the optimal range, 0.15 ec. of x 
sodium hydroxide were added to one reaction mixture; 0.25 cc. of distilled 
water was added to the second reaction mixture. Samples were taken 30 
minutes, 60 minutes, and 120 minutes later. It may be seen from Curve 


Tasie IX 


Influence of Conjoint Presence of Cobalt and Magnesium on Inhibition of Bone and 
Intestinal Phosphatase Activity by Amino Acids 


The reaction conditions are as described in the text; temperature, 32.20°. Rat 
intestinal phosphatase, RIR-dl, and rat bone phosphatase, RBR-d2, were used. 


Reaction velocity, as P liberated | 


as inorganic phosphate per cc. Activation due to 
per min. 
Phosphatase | Reston acid | 
O12 
No | 0.0125 | 0.00125 | Me 38 | 
metal | mMg Co | 0.00125 Cobalt | 
added present present. mCo | 
| | present | Conan 
| | 7 | 7 per cent per cont | 
Bone None 0.19 | 0.73 0.61 | 0.85 | 280 220 | 340 
0.0625 glycine | 0.092, 0.23 0.16) 0.61 150 75 «560 
* | 0.042 0.102 0.103 0.32 140 140 660 
| 0.125 “ pti-alanine | 0.080 0.24 0.14 0.58 200 60 540 
0.0125 “ t-histidine | 0.062) 0.074, 0.103, 0.16 19 66 | 140 
Intestinal None 0.25 0.92 0.83 | 1.01) 265 230 300 
0.156 glycine 0.053) 0.34 | 0.050 0.24 540 —5 
0.0375 Mm L-glutamie 0.11 | 0.45 0.11 0.39 | 310 0 260 
acid | | 
| | | 


II, of Fig. 2 that the addition of cobalt led to an immediate increase in the 
reaction velocity which was much higher than that in the corresponding 
control hydrolysis containing only magnesium as the metal (Curve I). 
A second pair of substrate-buffer mixtures was made up to contain 
cobalt and glycine. The extent of reaction was determined at 30 and 90 
minutes. Immediately after the latter time, magnesium, to yield a final 
concentration of 0.0125 mM, was added to the first reaction mixture while 4 
corresponding volume of water was added to the second which served as 4 
control. Curves Ip, and II, in Fig. 2 show that the same phenomenon, 
namely a marked increase in the reaction velocity, occurred upon the 
addition of magnesium. In other words, the conjoint presence of cobalt — 
and magnesium was necessary in counteracting the inhibition of bone 
phosphatase by glycine. | 
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Influence of Conjoint Presence of Cobalt and Magnesium on Inhibition of 
Intestinal Phosphatase Activity by Amino Acids—It has been shown that 
at inhibiting concentrations of amino acids the extent of activation of in- 
testinal phosphatase by magnesium was the same as ‘a the absence of 
amino acids, whereas the extent of activation by cobalt was reduced. 
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Fic. 2. The necessity for the conjoint presence of cobalt and magnesium in 
counteracting the inhibition of bone phosphatase by glycine. Curve I, represents 
the course of the reaction of rat bone phosphatase, RBR-d4, in the presence of 0.0125 
M magnesium and 0.0625 m glycine; Curve II, is the same until 0.00125 m eobalt is 
added at 90 minutes (designated by arrow), whereupon there occurs an immediate 
increase in reaction rate as shown by the remaining, dashed portion of the curve. 
Curves Ip and II, show, similarly, the increase in reaction rate resulting upon the 
addition of 0.0125 m magnesium to a reaction mixture containing 0.00125 m cobalt 
and 0.0625 m glycine. Temperature, 32.20°. 


Table IX shows that in the presence of inhibiting concentrations of amino 
acids the degree of activation by a combination of cobalt and magnesium 
Was greater than that due to cobalt alone but about the same as that due 
tomagnesium alone. In other words, magnesium activated intestinal phos- 
phatase to about the same extent whether amino acid or cobalt or both 
Were present or absent. In contrast to the effect on bone phosphatase, 
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cobalt did not affect the activating capacity of magnesium on intestinal 
phosphatase in the presence of inhibiting concentrations of amino acid, 
Effect of Cyanide and Azide on Activation of Phosphatase by Cobalt —The 
observations that bone and intestinal phosphatases are inhibited very 
markedly by cyanide but are affected negligiblv by azide gave rise to the 
possibility that cyanide forms a very slightly dissociated and azide a more 
dissociable complex with the metal component of the enzyme. It was of 
interest in this connection to see the extent to which evanide and azide 
could counteract the activating effect of cobalt on phosphatase. ‘Table X 
shows that in the presence of 0.00125 wi cobalt 0.0125 mM eyvanide decreased 
the reaction velocity to a value below that obtained without cobalt or 


TABLE X 
Effect of Cyanide and Azide on Activation of Phosphatase by Cobalt 
The conditions of the reaction are as described in the text; temperature, 32.20°. 
Bone phosphatase, RBR-d4, and intestinal phosphatase, RIS-d, were used. 


Reaction velocity, as P liberated as inorganic phosphate 
per cc. per min. 


Inhibitor In bone In intestinal phosphatase 
Without W ith 0. 00125 M Ww ithout W ith 0.00125 
cobalt cobalt cobalt cobalt 
Y Y 
0.31 0.65 3.75 7.19 
0.0125 m sodium 0.66 3.57 7.03 


* ‘This velocity « was not de ‘termined here, since previously it had been show n that 
inhibition by this concentration of azide was negligible (Table VID). 


eyanide. In contrast, azide did not inhibit bone phosphatase either in 
the absence of cobalt or in the presence of 0.00125 m cobalt. Similar 
results were obtained when intestinal phosphatase, RIS-d, was used. 
These results show a parallelism between cobalt and the metal component 
of the enzyme in that both combine with cyanide to such an extent that 
phosphatase activity is greatly inhibited, whereas the extent of combi- 
nation with azide is insufficient to affect the activity. 

Inhibition of Human Osteogenic Sarcoma Phosphatase by Amino Acids— 
It has been shown that an enzyme, originally characterized by its action on 
a particular substrate at a certain optimal pH and considered on the basis 
of such characterization to be identical in its properties regardless of the 


tissue in which it is found, may subsequently be proved to possess different 


inhibition characteristics which vary with the tissue source (1, 2, 27-29). 
Since human osteogenic sarcoma phosphatase represents an instance 0 


inal 
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rapid and excessive formation of an enzyme in a malignant process, it was 
of interest to compare the amino acid inhibition characteristies of this 
phosphatase with those of normal rat bone phosphatase. It was recog- 
nized that any differences which might be elicited would also have to be 
evaluated in terms of the species source. 

Table XI summarizes the data previously reported for the inhibition of 
rat bone and intestinal phosphatases bv amino acids and also includes new 
data on the inhibition by L-arginine. It was previously shown (1) that, 


Tabie Xl 
Comparison of Inhibition of Rat Intestinal, Rat Bone, and Human Osteogenic Sarcoma 
Phos phatases by Amino Acids 
The values in the second and third columns, with the exception of those for 
L-arginine, are from an earlier paper (1). 


Concentration of amino acid required for 50 per cent 
inhibition o 


Amino acid 


Rat bone 


| Human osteogenic 


Rat intestinal! 
M 

ES 0.055 0.000 | 0.035 
0.138 0.096 | 0.102 
Glutamic acid.. .......... 0.030 0.105 0.117 
L-Arginine 0.128 0.010 0.010 
L-Histidine 0.006 0.003 


0.002 


— 


Several rat bone and intestinal phosphatases, two different sarcoma preparations, 
MOSA-d1l and MOSB-d1, and the purified preparation, MOSB-P, were used in the 
above experiments. The concentration of magnesium was 0.0125 Mm in all experi- 
ments. 


whereas there was no significant difference between the bone and intestinal 
phosphatases with respect to inhibition by glycine or pt-alanine, the 
inhibition of bone phosphatase by basic amino acids was greater than that 
by the acidic acid, L-glutamie acid, and the inhibition of intestinal phos- 
phatase by L-glutamic acid greater than that by the basic amino acids. 
Table XT shows that the extent of inhibition of human osteogenic sarcoma 
phosphatase by the various amino acids appears, within experimental 
variation, to be the same as that of normal rat bone phosphatase. 
Influence of Magnesium on Inhibition of Human Osteogenic Sarcoma 
Phosphatase by Amino Acids and by Cyanide--Table XIT shows that the 
extent of activation of human osteogenic sarcoma phosphatase by mag- 
hesium is decreased in the presence of an inhibiting concentration of amino 
acid or cyanide and indeed that the presence of magnesium causes an 
additional depressant effect. Similar results were obtained with the puri- 
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fied preparation, MOSB-P. In this respect, therefore, human osteogenic 
sarcoma also resembles normal rat bone phosphatase. 

Influence of Conjoint Presence of Cobalt and Magnesium on Inhilition of 
Human Osteogenic Sarcoma Phosphatase by Amino Acids—Table XII] 


TaBLe XII 


Influence of Magnesium on Inhibition of Human Osteogenic Sarcoma Phosphatase by 
Amino Acids and hy Cyanide 


The conditions of the reaction are as described in the text; temperature, 32.20°. 
| | Reaction velocity, as P 
liberated as inorganic 


phosphate per cc. 
per min. 


Phosphatase preparation | Inhibitor Activation 
0.0125 
magnesium magnesium 
7 per cent 
Human osteogenic | None 9.95 15.6 59 
sarcoma, MOSB-d1 0.00125 m cyanide 5.50 3.66 
0.0125 “ w-histidine 4.94 2.51 — 44 
Purified human osteo- None 2.02 3.76 S6 
genic sareoma, evanide 0.90 0.6s —24 
MOSB-P 0.0125 “ .-histidine 0.64 0.44 
50M L-aspartice acid 0.51 0.46 —10 


Tance XIII 
Influence of Magnesium, of Cobalt, and of Magnesium and Cobalt Present Conjointly 
on Inhibition of Human Ostcooaente Sarcoma Phosphatase by Amino Acids 
The conditions of the reaction are as described in the text; temperature, 32.20°. 
Human osteogenic sarcoma phosphatase MOSB- de, was used. 


Reaction velocity, as P liberated as 


Activati 0 
inorganic phosphate perce. per min. Acti ation due t 


i id 0.0125 
No 0.00125 M 10.0128 Magne- | 
metal cobalt 0.00125 Cobalt | 
added present | Present 
| per cent | per ceni | per ceni 
7.23 | 6.90 20 31 25 
0. 125 glycine... — 36 | 27 65 
0.0125 m L-histidine....... 1.40 0.88 | 1.55 1.88 i 3! 


shows that cobalt and magnesium, either alone or present together, acti- 
vate human osteogenic sarcoma phosphatase. In the presence of inhibiting 
concentrations of glycine or t-histidine, the activating effect of cobalt 
alone was decreased slightly, and, as will be recalled from Table XII, the 
activating effect of magnesium was markedly decreased and even reversed. 
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However, when cobalt and magnesium were present conjointly at these 
concentrations of amino acids, the activating effect of magnesium was 
restored. 

Fig. 3 demonstrates that cobalt can restore the capacity of magnesium 
to activate osteogenic sarcoma phosphatase inhibited by amino acid, even 
after action on the substrate has begun. The experiments were conducted 
in essentially the same manner as those listed in Fig. 2. The first mixture 
contained cobalt and glycine to yield final concentrations of 0.00125 


5 500 
o OSTEOGENIC SARCOMA PHOSPHATASE 
a 
WwW 
@ 
a 
a 
50 100 !50 200 250 300 
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Fie. 3.) The neeessity for the conjoint presence of cobalt and magnesium in 
counteracting the inhibition of osteogenic sarcoma phosphatase by glycine. Curve 
lgprepresents the course of the reaction in the presence of 0.00125 m cobalt and 0.0625 
uw glycine; Curve Il, is the course in the presence of 0.00125 mM magnesium 
and 0.0625 m glycine Curve II], is the same as Curve II, until 0.00125 m cobalt 
is added at 30 minutes, as shown by the arrow; the rest of Curve IIIs, 
shows a marked increase in the reaction velocity after the addition of co- 
balt. Curve IV, represents the course in the presence of both cobalt and magne- 
sium but in the absence of glycine. Temperature, 32.20°. 


and 0.0625 m, respectively. The second and third reaction mixtures con- 
tained magnesium and glycine to yield final concentrations of 0.0125 m 
and 0.0625 mM, respectively, and the fourth reaction mixture contained 
cobalt and magnesium in the corresponding concentrations, but no glycine. 
Samples were taken 30 minutes after the baie 8 of the reaction. Cobalt 
and, to maintain optimal pH under the new conditions, sodium hydroxide 
were added to the third reaction mixture immediately after sampling. 
Suitable adjustments for volume were made in the other reaction mixtures. 
It may be seen from Fig. 3 that, following the introduction of cobalt in a 
final concentration of 0.00125 m into the third reaction mixture, there was 
an immediate increase in the reaction velocity. This velocity became much 
greater than in the first control mixture which contained only magnesium 
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in addition to the glycine or in the second control mixture which contained 
only cobalt in addition to the amino acid. Indeed the introduction of 
cobalt into the third reaction mixture, in conjunction with the magnesium 
already present, so increased the reaction velocity of the glycine-inhibited 
phosphatase that it approached the velocity in the fourth reaction mixture 
which contained cobalt and magnesium in corresponding concentrations, 
but no glycine. 

Effect of Sodium Azide on Human Osteogenic Sarcoma Phosphatase— 
Sodium azide was found to exert a negligible inhibitory effect on human 
osteogenic sarcoma phosphatase, preparation MOSB-d1, either the 
absence or presence of magnesium. ‘Thus, at concentrations of 0, 0.0025 
M, 0.025 mM, and 0.250 m sodium azide, the reaction velocities were respee- 
tively 15.6, 16.5, 17.1, 12.1 y of P per cc. per minute when 0.0125 m mag- 
nesium was present, and 9.8, 12.6, 12.2, 9.1 y of P per ce. per minute in 
the absence of magnesium. 

Influence of Cobalt on pH Optimum of Human Osteogenic Sarcoma Phos- 
phatase in Presence of Amino Acids--It was found that, when cobalt or 
cobalt and magnesium were present, the pH optimum of the osteogenic 
sarcoma phosphatase, MOSB-d2, inhibited by glycine was shifted towards 
the alkaline side to a value of about 10.5. Magnesium alone did not cause 
such a shift in the pH optimum of the amino acid-inhibited phosphatase. 
In the absence of inhibiting amino acids, the pH optimum was, as usual, 
between 9.0 and 9.5, whether magnesium or cobalt or a combination of 
these metals was present. In these respects, therefore, human osteogenic 
sarcoma phosphatase also resembled normal rat bone phosphatase. 


DISCUSSION 


In the present study it has been shown that in the conjoint presence of 
cobalt and magnesium, achieved either before or after the beginning of the 
reaction, the degree of activation of bone or osteogenic sarcoma phos- 
phatase which had been inhibited by amino acid was much greater than 
with either cobalt or magnesium alone and counteracted, to varying degrees, 
this inhibition. In contrast, the degree of activation of amino acid- 
inhibited intestinal phosphatase was about the same in the conjoint pres- 
ence of cobalt and magnesium as in the presence of magnesium alone. 
The formulation consistent with these findings is that bone phosphatase 
requires the combined presence of magnesium and at least one other heavy 
or transitional metal ion for activity, that coordinative combination of this 
second metal with cyanide or amino acid results in decreased enzyme 
activity and failure of activation by magnesium, that activation of bone 
phosphatase by magnesium is mediated through a transitional or heavy 
metal ion, and that restoration of the activity which has been inhibited 


+ 
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by amino acid may be brought about by the addition to the substrate- 
enzyme system of a transitional metal, cobalt, which is presumably similar 
to, if not the same as, the metal component of the enzyme. In contrast, 
although the intestinal phosphatase also contains a metal component 
essential for its activity, activation by magnesium is independent of whether 
this metal is combined with amino acid; in other words, activation of 
intestinal phosphatase by magnesium is not mediated through this metal 
component. 

The way in which cobalt may restore the activation by magnesium 
requires further consideration. Burk and his coworkers (14-16) have 
recently shown that cobalt reacts with histidine and other amino acids to 
form cobaltous-amino acid complexes which interact reversibly with oxygen 
gas to form oxygenated compounds and are then transformed into irrevers- 
ible oxidation compounds. There are several lines of evidence to show that, 
under the conditions of our experiments, the extent of the irreversible 
oxidation of amino acids by cobalt is so small as to play only a negligible 
rile in counteracting the inhibitory effect. If degradation of amino acids 
oeurred to any appreciable extent, then the rate of hydrolysis in a re- 
action mixture containing cobalt and amino acid should be accelerating 
constantly. As may be seen from Figs. 2 and 3, this is not the case. 
Secondly, the time-action curve is essentially of the same form whether 
magnesium or cobalt is present together with the amino acid. Finally 
and most directly, Burk? has estimated that a relatively small amount of 
oxygenation products would be formed in a reaction mixture containing 
1.06 to 0.12 m glycine and 0.001 mM cobalt during 30 to 60 minutes at 30° 
and a pH level of 10 to 11. 

Nor does it seem likely that the action of cobalt in mediating the acti- 
vation by magnesium of amino acid-inhibited bone or osteogenic sarcoma 
phosphatases is due merely to the removal of the amino acid from the 
teld of reaction through the formation of a reversible cobaltous-amino 
acid complex. For such an assumption would not explain the immediate 
and marked acceleration in velocity which resulted when magnesium was 
added 90 minutes after the beginning of a reaction in which cobalt and 
glycine had been present from the start. 

Our findings are more in accord with the formulation that cobalt either 
teplaces the essential enzyme metal component which has been bound by 
the amino acid, or that it displaces this metal component from its combi- 
tation with the amino acid, and that cobalt or this essential metal, as part 
of the enzyme, then mediates the activation by magnesium. It may be 
readily appreciated that the extent to which cobalt, acting conjointly with 
Magnesium, can restore the activity of bone or osteogenic phosphatase 


*Burk, D., personal communication. 
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which has been inhibited by a particular amino acid would depend upon 
the relative magnitudes of the dissociation constants of the essential metal- 
enzyme linkage, the essential metal-amino acid complex, the cobalt-enzyme 
complex, the reversible cobaltous-amino acid complex, the reversible 
oxygenated cobaltous-amino acid complex, and the velocity constants for 
the formation of the various phases of the irreversible oxidation reactions. 

Although the above formulations appear well supported by our data, it 
is necessary to discuss briefly, if only to dismiss, another possible explana- 
tion for the failure of magnesium to activate bone or osteogenic tumor 
phosphatases at high concentrations of cyanide or amino acid. It may be 
assumed that a preparation of bone or of osteogenic sarcoma phosphatase 
is a mixture of two enzyme components, one of which is inhibited by cya- 
nide or amino acid and is activatable by magnesium, while the other com- 
ponent is not inhibited by cyanide or amino acid and is not activated by 
magnesium.’ However, a more purified preparation of osteogenic sar- 
coma phosphatase, MOSB-P, behaved in the same manner as the rat bone 
preparations with regard to inhibition by amino acids and cyanide. The 
assumption of the existence of two phosphatase components was also con- 
tradicted by the findings that a sufficiently high concentration of histi- 
dine (0.125 m) or of cyanide (0.0125 m) inhibited practically completely 
(96 to 99 per cent) the activity of bone phosphatase both in the presence 
and absence of magnesium. 


SUMMARY 


1. The degree of activation of bone phosphatase by magnesium was de- 
creased and indeed in some instances transformed into a retardant effect 
at inhibiting concentrations of amino acid or cyanide, whereas the degree 
of activation of intestinal phosphatase was unaffected. The extent of ac- 
tivation of bone phosphatase by cobalt was decreased slightly and that of 
intestinal phosphatase markedly as the concentration of amino acid was in- 
creased. 

2. In the conjoint presence of cobalt and magnesium, the degree of ac- 
tivation of bone phosphatase which had been inhibited by amino acids was 
much greater than with either cobalt or magnesium alone and tended to 
counteract the inhibition by amino acids. The addition of cobalt to a re- 
action mixture in which bone phosphatase was hydrolyzing sodium 3- 


3 This assumption is quite different from that made by Cloetens (30) in his classi- 
fication of alkaline phosphatases. According to this author phosphatase I, found 
in considerable proportions in the liver, is accelerated 50 to 100 times by an optimal 
cOycentration of magnesium and is not inhibited by cyanide in the presence of mag- 
nefium. Phosphatase II, present in relatively large amounts in the bone and in- 

tine, is accelerated only slightly by magnesium and inhibited considerably by 

yanide. 
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glycerophosphate in the presence of magnesium and inhibiting amino acid, 
or the addition of magnesium to a reaction mixture containing cobalt and 
inhibiting amino acid, led to an immediate acceleration in the rate of re- 
action. 

3. The degree of activation of intestinal phosphatase which had been in- 
hibited by amino acid was the same in the conjoint presence of cobalt and 
magnesium as in the presence of magnesium alone. 

4. Sodium azide had a negligible inhibitory effect on the activity of bone 
and intestinal phosphatases and, in contrast to cyanide, did not counter- 
act the activation due to cobalt. 

5. In the presence of cobalt, an inhibitory concentration of amino acid 
led to a shift in the optimal pH zone for bone phosphatase, but not for in- 
testinal phosphatase, towards the alkaline side. 

6. Human osteogenic sarcoma phosphatase resembled normal rat bone 
phosphatase with respect to (a) the extent of inhibition by various amino 
acids, (b) the decrease of activating effect of magnesium or even its re- 
versal in the presence of inhibiting concentrations of amino acids or cya- 
nide, (c) the shift of the pH optimum to the alkaline side in the presence of 
cobalt and amino acid, (d) the necessity for the conjoint presence of cobalt 
and magnesium in counteracting inhibition by amino acids. 

7. The above findings were interpreted to indicate that amino acids 
inhibit bone, intestinal, and osteogenic sarcoma phosphatases by combi- 
nation with an essential heavy or transitional metal component. of these 
enzymes and that this component mediates the activation of bone and 
osteogenic sarcoma phosphatases, but not of intestinal phosphatase, by 
magnesium. 
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THE METABOLISM OF ARTERIAL TISSUE 
I, RESPIRATION OF RAT THORACIC AORTA* 


By F. N. BRIGGS, 8S. CHERNICK, I. L. CHAIKOFF 


(From the Division of Physiology, University of California Medical School, 
Berkeley) 


‘Received for publication, December 17, 1948) 


Although aging is not without some influence upon many tissues, the 
degenerative changes that occur in the artery with advancing years are 
unique in their import. The characteristic lesion found in large arteries, 
such as the aorta of man, is the atheroma which begins as a lipide plaque, 
confined at first to the intima but later extending to the deeper layers of 
this structure. An explanation as to why the artery lends itself to this 
peculiar type of degeneration has not as vet been forthcoming. A study of 
the metabolic characteristics of arterial tissues was, therefore, undertaken. 
The present report deals with the respiration of the aorta of rats of two 
age groups, namely | to 2 months and 14 to 18 months. The response of 
this tissue to induced hyperthyroidism and hypothyroidism has also been 
investigated. 


EXPERIMENTAL 


Rats of the Long-Evans strain were sacrificed by fracture of their cer- 
vical vertebrae. The thoracic aorta and a portion of the main lobe of the 
liver were rapidly removed and placed in an oxygenated Ringer-phosphate 
solution buffered to pH 7.4 (1). The artery was freed of adherent fat and 
connective tissue and then cut along its longitudinal axis so as to provide 
a thin sheet of tissue. Liver slices were prepared free-hand with a thin 
razor blade. The tissues were blotted on moist filter paper, weighed, and 
transferred to Warburg flasks containing 3 ec. of the Ringer-phosphate so- 
lution. Oxygen consumption was determined by the direct method of 
Warburg (2). The flasks were placed in the constant temperature bath 
maintained at 38° and the flask flushed with oxygen for 3 to 5 minutes. 
15 minutes were allowed for temperature equilibration. Manometer read- 
ings were made at 15 minute intervals. . 

The amount of fresh artery employed in each determination of O2 con- 
sumption was about 100 mg., although amounts as low as 75 mg. and as 
high as 150 mg. were sometimes used. The whole thoracic aorta of an 


* Aided by grants from the United States Public Health Service and the Life In- 
surance Medical Research Fund. 
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adult rat provided sufficient material for a single determination. Since 
the thoracic aorta of the 1 to 2 month-old rat weighed less than 50 mg., it 
was necessary to pool the aortas of two or three such rats for a single de- 
termination. 

The O, consumption of the arteries was related to their nitrogen content 
as well as to their initial dry weights. Nitrogen was determined on the 
entire contents of the Warburg flasks at the end of the period of respiration. 
The dry weight (initial) to nitrogen ratios were determined for forty 
samples of fresh artery and found to be 7.49 + 0.52 (standard deviation) 
for both age groups and this value was used in the calculation of Qo,, i. 
c.mm. of O, consumed per hour per mg. of dry tissue in an atmosphere of 


TaBLe I[ 
Oxygen Consumption of Vascular Tissues of Rat 
Ringer-phosphate buffer containing 0.2 per cent glucose; pH 7.4; O» as gas phase; 
temperature 38°. 


Experiment No.* Tissue (N)t 

| 

| | Thoracic aorta 8.1 

| Abdominal aorta 6.2 

| Inferior vena cava 5.3 

2 | Thoracic aorta 8.3 

| Abdominal aorta 7.8 

Inferior vena cava 5.1 


* The vascular tissues in each experiment were obtained from a single rat 14 
months of age, weighing 400 gm. 

t Oxygen consumption in c.mm. of the tissue in pure oxygen atmosphere per hour 
per mg. of tissue nitrogen (2). 


oxygen. The thickness of the arterial sheet did not appear to be a limit- 
ing factor in its oxygen uptake. 


Results 


The oxygen consumption of two portions of the aorta (thoracic and ab- 
dominal) and of the inferior vena cava is recorded in Table I. The tissues 
obtained from a single rat were compared in each experiment. 

The values for the Qo? (N)! of thoracic aorta were 8.1 in Experiment ! 
and 8.3 in Experiment 2. The values for the abdominal aorta were only 
slightly lower (6.2 and 7.8, respectively). It should not be inferred, hovw- 
ever, that a significant difference exists in the respiratory rates of these two 


1 The expression Q”" (N) has been employed to indicate the e.mm. of O2 consumed 
per hour per mg. of tissue nitrogen in an atmosphere of oxygen (2). 
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portions of the aorta, because the presence of numerous bifurcations in the 
abdominal portion made it difficult to excise and free it of all extraneous 
tissue. 

The Q&? (N) of the inferior vena cava was lower than that of either por- 
tion of the worta. This finding is consistent with the histological differ- 
ences that exist between these two types of vascular tissue. Arteries, 
because of their relatively thick muscular walls, might be expected to 
possess a higher metabolic rate than veins whose walls consist largely of 
fibrous tissue. 

In all experiments recorded below the thoracie portion of the aorta was 


used because of the ease with which it can be removed and freed of adher- 
ent fat and connective tissue. 


Il 
Cow parison of the Orygen Consumption of Arterial and Hepatic Tissues of Rats 1 to 2? 
Months and 14 to 18 Months Old 


Ringer-phosphate buffer containing 0.2 per cent glucose; pll 7.4; Os as gas phase; 
temperature 38°. 


Thoracic aorta Liver 
Age of rat. 1-2 mos. 14-18 mos. 1-2 mos 14-18 mos. 
No. of determinations. . Sh" 17 24 10 16 
Average Qo.*__. 1.06 + 0.14t 1.09 + 0.19 9.7 + 0.74 8.4 + 1.66 


* Based on the initial dry weight. 
+ Standard deviation 


The Qo, values for the thoracic aortas of young rats did not differ signifi- 
cantly from those of rats 14 to IS months old (Table IT). 

In Fig. 1, the rate of respiration of the artery in a Ringer-phosphate 
buffer is shown to remain constant for periods as long as 3 hours. This 
was true for rats of both age groups (1 to 2 months and 14 to 18 months 
old) when respiration measurements were made on sheets of arterial tis- 
sue. A constancy in the oxygen uptake of tissue slices for such long periods 
has been interpreted to indicate that the cell structure remains intact under 
the conditions studied and that no loss by diffusion or destruction of es- 
sential cell elements has occurred (3). This is borne out by the finding 
that destruction of the cellular organization of the artery by homogeniza- 
tion markedly reduced its oxygen uptake (Fig. 1). 

Effect of Hyperthyroidism and Hypothyroidism on Respiration of Rat 
Aorta—The relation of thyroid activity to the respiratory rate of the rat 
aorta is shown in Table III. Hyperthyroidism was induced in rats by 
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CO RATS 14-18 MOS. O 
RATS 2 MOS. @ 
E 50+ 
INTACT 
TISSUE 
5 40+ b 
© 30 - » 
z 
WwW 
> 20+ 
x 
° ‘ 
10 + 
HOMOGENATE 
60 120 180 
TIME (min.) 
Fic. 1. Respiration of sheets of thoracic aorta and homogenate. Oxvgen uptake " 
in ¢.mm. per 100 mg. of initial weight of tissue. ° 
al 
Ill 
Respiration of Arteries and Livers of Rats Fed Thyroid and Propylthiouracil 
Ringer-phosphate buffer containing 0.2 per cent glucose; pIL 7.4; Oo as gas phase; St 
temperature 38°. Ls 
if Rats, 1-2 mos., 50-150 gm. Rats, 14-18 mos., 350-450 gem. | 5 
Diet a-] 
Artery Liver Artery Liver | Ci; 
Ac 
Normal + O.14t 9.7 + 0.74 1.09 + 0.19 8.4 + 1.66 Gh 
Determina- 17 10) 24 16 Gh 
tions Gh 
Fed 0.2% Qo: 1.32 + 0.22 12.7 + 1.12 1.48 + 0.2810.3 + 1.17 Ala 
thyroid 10 Determina. 16 IS 24 14 
days tions 
“increase 25 31 3s 25 
Fed 0.2% Qo, 0.86 + 0.19) 7.024 1.138 0.79 + 0.15,6.241.2% | Gin 
propylthi- Determina- 22 16 7 21 , | 3 hi 
ouracil 30 tions | 
days “ decrease 19 2S 27 27 al : 
— 
* Based on the initial dry weight. this 
+ Standard deviation. side 
feeding them for 10 days the stock diet? to which had been added 0.2 per for ¢ 
cent desiccated thyroid. It is now well established that goitrogenic sub- com: 
? The stock diet consisted of whole wheat 35 per cent, casein 36 per cent, whole milk ory 
powder 8 per cent, alfalfa meal 5 per cent, fish meal 5 per cent, lard 2.5 per cent, fish 
oil 2.5 per cent, and salt 6 per cent. and 
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stances depress the metabolism of rats by interfering with the formation 
of thyroxine (4). The feeding of a goitrogen was therefore employed to 
induce hypothyroidism. Rats were fed, for 30 days, the stock diet to which 
had been added 0.2 per cent propylthiouracil. 

Rat aorta resembles tissues like liver and kidney in its response to thy- 
roid stimulation (5-7) and to depressed thyroid activity (8). The Qo, 
values for aortas excised from rats fed the desiccated thyroid were 25 to 
38 per cent higher than those obtained from normal rats and these in- 
creases were about the same as those observed for liver slices (Table ITT). 

The extent to which the feeding of propylthiouracil reduced the Qo, 
values in both groups of rats (young and mature) was quite similar for 
artery and liver (Table IIT). 


TaBLe IV 
Effect of Oridizable Substances on Og Uptake in Arterial Tissue 
Ringer-phosphate buffer; pH 7.4; O. as gas phase; temperature 38°. The sub- 
stances were added after a 1 hour control period. The figures express comparative 
rates When the O» uptake of tissue alone is taken as 100. An amount of a substrate 


was added to yield a concentration of 0.02 Min the bath. All values recorded below 
are the averages of three to five closely agreeing results. 


Substrates Rats 1-2 mos. of age Rats 14-18 mos. of age 
Pyruvate........ 135 124 
a-Ketoglutarate....... ..... 129 128 
Glutamate... | 119 115 
Glycine. ...... 99 9S 
Alanine... 92 100 


Effects of Oxidizable Substances on Oxygen Consumption of Rat Aorta— 
Since the respiration of rat aorta remains constant for periods as long as 
3 hours (Fig. 1), the substances to be tested were added to the medium after 
a1 hour control measurement had been made. The control rate of respira- 
tion of each sample was determined during the Ist hour, and at the end of 
this period the substance to be tested was added to the medium from the 
side arm of the Warburg flask, and the respiratory measurements continued 
fora 2nd hour. In Table IV, the Qo, values for initial control periods are 
compared with those observed after the addition of various substrates. 

0.2 m solutions of each of the substrates tested (Table IV) were prepared 
and adjusted to pH 7.4. 0.3 cc. of a solution was placed in the side arm 
and 2.7 cc. of Ringer-phosphate buffer were pipetted into the main com- 
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partment of the Warburg flask. Thus, after tilting the manometer so as 
to transfer the contents of the side arm to the main compartment, the final 
concentration of the substrate in the medium was 0.02 Mm. 

Arterial tissue oxidized succinate at a rate higher than that of any of the 
other substrates examined; the increase in O, consumption was about equal 
to that produced by succinate on kidney and adipose tissue (9). 

Lactate, pyruvate, and acetate also stimulated oxygen consumption of 
arterial tissue. The presence of these substrates increased the Qo, of tho- 
racic aorta by 20 to 40 per cent and, in this respect, the thoracic aorta again 
resembles a tissue like kidney (10). Evidence for the utilization of acetate 
by rat thoracic aorta is presented in Paper IT (11). 

a-Ketoglutarate and citrate*® produced a 30 per cent increase in the rate 
of respiration of arterial tissue; the addition of glutamate increased the 
Qo, to the extent of 15 per cent. 


TABLE V 
Effect of Inhibitors on O, Uptake in Arterial Tissue 
Ringer-phosphate buffer; pH 7.4; OQ» as gas phase; temperature 38°. The sub- 
stances were added after a 1 hour control period. The figures express comparative 
rates when the O, uptake of tissue alone is taken as 100. All substances were added 
to give a 0.02 M concentration in the tissue bath. AIl values recorded below are the 
averages of three to five closely agreeing results. 


Inhibitor | Rats 1-2 mos. of age Rats 14-18 mos. of age 


The addition of glucose or glycine or alanine failed to increase the oxygen 
uptake of the rat aorta. This does not imply that these substances are 
not utilized. Barron has shown that, despite the failure of certain sub- 
strates to increase the respiratory rate, they may nevertheless be utilized 
at appreciable rates (12). 

Effects of Inhibitors on Respiration of Arterial Tissue—The enzyme in- 
hibitors, malonate, fluoride, azide, and iodoacetate, were added to the 
Ringer-phosphate medium after a control measurement (1 hour) had been 
made as described in the preceding section. The concentration of an in- 
hibitor in the medium was 0.02 m. The results are recorded in Table V. 

The most pronounced inhibition of respiration was found in the presence 
of iodoacetate. Azide and fluoride depressed the respiration of rat tho- 


’ The effect of citrate was determined in a calcium-free medium. The absence of 
calcium did not change the Qo, of the artery. 
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racic aorta by 30 to 50 per cent. Differences in the action of these in- 
hibitors upon the respiration of the arteries of young and old animals 
were not observed. 

0.02 M malonate failed to produce a marked inhibition in the oxygen 
consumption of arterial tissue. Seven experiments (four on young rats 
and three on mature rats) were performed to test the action of this sub- 
stance. In two experiments, no decrease in respiration was observed, and 
in no case Was the respiration depressed by more than 13 per cent. The 
malonate employed in this study was also tested on liver slices; in the pres- 
ence of 0.02 M malonate, the oxygen consumption of this tissue was de- 
creased 45 per cent. 

The failure of malonate to inhibit respiration of rat thoracic aorta is 
somewhat surprising because of the pronounced stimulation in oxidative 


Taste VI 
Effects of Malonate and Succinate on Respiration of Thoracic Aorta of Rat 


Ringer-phosphate buffer; pH 7.4; O. as gas phase; temperature 38°. 


final concentration he. ond he. 
Succinate Malonate 1.3 
2 2.2 1.1 
3 42 = | 3.5 1.4 
4 1.5 0.6 
5 Malonate Succinate 0.8 1.6 
6 wi 0.8 1.8 


* Based on the initial dry weight. 


metabolism observed (Tuble IV) in the presence of succinate. In this con- 
nection it is of interest to note that Gordon and Heming have reported that 
malonate does not depress the rate of respiration of normal rat diaphragm 
but does when the Qo, of this tissue is raised by the feeding of desiccated 
thyroid (5). 

In order to determine whether malonate action on the succinic dehydro- 
genase system of the rat artery was masked by the low respiratory rate of 
artery the following experiments were performed. 

In Experiments 1 to 4, arterial tissue from mature rats was placed in 
Warburg flasks which contained, in the main compartment, 2.7 ce. of 0.02 
M succinate in Ringer-phosphate and, in the side arm, 0.3 ce. of 0.2 M malo- 
hate. After the rate of respiration of the artery for 1 hour in the pres- 
ence of succinate was determined, the malonate was added to the medium 
and the determinations continued for an additional hour. Under these 
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conditions malonate inhibited the heightened O. consumption of the artery 
by 40 to 60 per cent (Table VI). 

In Experiments 5 and 6, 0.02 m malonate was placed directly in the medium 
and 0.2 m succinate in the side arm. The transfer of succinate from the 
side arm to the malonate-containing medium doubled the rate of respi- 
ration of the arterial tissue (Table VI). 

The results presented in Table VI suggest that, despite the failure of 
malonate to depress the respiratory rate of arterial tissue excised from the 
normal rat, the succinic dehydrogenase system does participate in the 
metabolism of this tissue. 


DISCUSSION 


In assessing the significance of the slice technique, Potter has aptly 
stated that the oxygen uptake of a tissue slice is the resultant of a large 
number of competing and cooperating enzyme systems (13). The rate of 
this over-all activity in rat thoracic aorta, as judged by the Qo, values pre- 
sented here, is slow, approximately one-tenth that of liver and about one- 
twentieth that of kidney. 

Enzyme inhibitors, particularly if selective, have provided useful infor- 
mation on the intermediary metabolism of tissues. The interpretation of 
their action has been discussed by Cohen (14) and by Krebs (15). Thus 
the response in the respiration of rat thoracic aorta to malonate aud sue- 
cinate, shown in Tables V and VI, indicates that succinic dehydrogenase 
participates in this process, whereas the results obtained with fluoride 
merely suggest that phosphorylated intermediates are also involved (16). 
These findings, in addition to the oxidative response of this tissue to pyru- 
vate and to some members of the tricarboxylic acid cycle, provide pre- 
sumptive evidence that carbohydrate is utilized by the rat arterial tissue. 

The oxygen uptake by thoracic aorta excised from rats, in which hyper- 
thyroidism and hypothyroidism had been induced, shows that, like kidney, 
liver, and muscle, arterial tissue possesses oxidative systems that respond 
to thyroxine. This observation is of particular interest in connection with 
the reports that the administration of desiccated thyroid prevents athero- 
matosis in rabbits fed cholesterol (17-19). 


SUMMARY 


1. The respiratory characteristics of arterial tissue of the rat have been 
investigated. The Qo, of rat thoracic aorta was about 1 and the Q9? (N) 
about 8. Arterial tissue of the rat thus respires at a rate about one-tenth 
that of liver slices prepared from the same animal. 

2. No marked difference was observed in the oxygen consumption of 
thoracic and abdominal portions of the aorta. The Qo? (N) of the infer- 
ior vena cava was lower than that of the aorta. 
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3. No significant difference in oxidative metabolism of aorta excised 
from rats | to 2 months and rats 14 to 1S months old was demonstrated. 

4. Arterial tissue oxidized succinate, lactate, pyruvate, a-ketoglutarate, 
citrate, acetate, and glutamate. Glycine, glucose, and alanine did not 
increase the rate of respiration of the aorta. Suecinate produced the most 
pronounced acceleration. 

5. The oxygen consumption of arterial tissue was inhibited by fluoride, 
azide, and iodoacetate. Malonate produced no appreciable inhibition. 
Malonate did, however, depress respiration of rat thoracic aorta when its 
oxidative metabolism had been stimulated by succinate. 

6. The Qo, ol rat thoracic aorta was dependent upon the state of thyroid 
activity; It Was increased by feeding rats desiccated thyroid and decreased 
by feeding them propylthiouracil. 
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THE METABOLISM OF ARTERIAL TISSUE 


If. LIPIDE SYNTHESES: THE FORMATION IN VITRO OF FATTY 
ACIDS AND PHOSPHOLIPIDES BY RAT ARTERY WITH C'™ 
AND P® AS INDICATORS* 

By 8. CHERNICK, PAUL A. SRERE, ann I. L. CHAIKOFF 


(From the Division of Physiology, University of California Medical School, 
Berkeley) 


(Reeeived for publication, December 17, 1948) 


The increase in the lipide content of the artery is one of the significant 
changes that occur in this tissue with aging. Moreover, atherosclerosis, 
the commonest form of arterial degeneration, is also largely a lipide meta- 
morphosis. In the advanced arteriosclerotic lesion, a complete replace- 
ment of normal arterial structure by lipides and minerals has occurred (1). 
The fact that a sustained hyperlipemia, induced either by cholesterol feed- 
ing in rabbits (2) and birds (3) or by stilbestrol injection in birds (4), 
produces atherosclerosis has led to the view that the accumulated lipides 
in the aging or degenerated artery represent an infiltration from plasma 
(1). But the increased lipide content of the artery that occurs in man 
with age is neither preceded nor accompanied by a rise in the level of 
plasma lipides. Thus Page et al. demonstrated that, in normal men, the 
amount and composition of lipides in plasma do not change between the 
ages of 20 and 90 years (5). The most satisfactory evidence on this point 
has been provided by Landé and Sperry who compared the degree of ath- 
erosclerosis of the aorta with the concentration of serum cholesterol in 
123 subjects who died suddenly from violence (6). They concluded that 
the severity of atherosclerosis in man is not dependent upon the level of 
serum cholesterol. [t would thus appear that factors other than, or in 
addition to, infiltration of plasma lipides play a part in the formation of 
atherosclerosis. 

A study of the metabolism of arterial tissue was undertaken in order to 
throw additional light on the intraarterial factors that play a part in the 
development of arteriosclerosis. In the present investigation, the capacity 
of rat artery to synthesize lipides has been studied with radioactive acetate 
fatty acid synthesis) and radioactive phosphate (phospholipide formation). 


Synthesis of Fatty Acids from C“H;C“OONa 
The arteries were removed and prepared as described in Paper I, (7). 
fo obtain the necessary amount of arterial tissue, thirty-five rats were 


* Aided by grants from the United States Public Health Service and the Life In 
surance Medical Research Fund. 
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sacrificed in Experiments | and 2 and 80 in Experiment 3. 500 mg. por- 
tions of aorta were placed in each of several 50 ml. Erlenmeyer flasks. 
The medium in each flask consisted of 5.0 cc. of a bicarbonate-Ringer’s 
solution to which had been added sodium acetate! labeled at both of its 
carbons with C™. At the end of a 3 hour incubation period at 37.5°, the 
contents of the several flasks used in each experiment were combined and 
their fatty acids and cholesterol extracted. 

The results of Experiments 1 to 3 are recorded in Table I. In 3 hours 
from 0.4 to 0.7 per cent of the labeled acetate had been converted to fatty 
acids. 

Tasie I 
Conversion of CUHC’OONAa to Fatty Acids by Rat Thoracic Aortas 


Thoracic aortas Recovery of C™ in 
. Average 
| Aqueous fraction Fatty acid fraction | 
| Total Per Per | eights 
Amount Total counts Total counts | acide. 
per min. per min. added activ- isolated 
counts counts, 
cont counts per 
weight | min. 
1 2.5 (35)t 6.8 6.3 2.6% 10° 41.5 4.5 & 0.71) 265 | 280 
2 2.8 (35) 5.0 6.3 108 3.2 51.4 2.6 10* 0.41) 184 275 
3 6.2 (80) X 10° 4.9K 10° 32.3 


8.3 X 0.55 320 294 


* Counts per minute per mg. of fatty acids. 

t The figures in parentheses refer to the number of rats sacrificed to obtain the gm. 
of thoracic aorta indicated. 

The specific activity of used was 1.6 10® counts per minute 
per mg. 


The conversion of acetate to fatty acids by rat liver slices was studied 
under similar conditions. A total of about 11 gm. of rat liver slices was 
incubated in the presence of C“H;C“OONa and analyzed for fatty acids. 
The results of this experiment are recorded in Table II]. About 5 per cent 
of the added C™ was recovered in the fatty acid fraction. 

Since the isolation of the radioactive fatty acids from artery and liver 
was carried out in the presence of a large fraction of the radioactive ace- 
tate that had been added to the medium, it became necessary to determine 
the extent to which the latter wascarried over into the fatty acid fraction 
during its extraction. This was done in the following manner. 10 gm. of 
rat liver were digested for 3 hours in alcoholic KOH. 3.1 mg. of C* 
labeled sodium acetate with an activity of 5 million counts per minute 


1 We are indebted to Dr. H. A. Barker for the doubly labeled acetate used in this 
investigation. It was prepared from CO, with the aid of Clostridium thermo- 
aceticum (8). 
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were then added to the digest, and its fatty acids isolated. This amount 
of activity was greater than that encountered in the aqueous fraction of 
the artery experiment (Table I). The amounts of radioactivity recovered 
in the fatty acids isolated from the liver digests are recorded under Ex- 
periments 2 and 3 in Table II. Only 0.08 and 0.09 per cent of the added 
acetate was recovered in the fatty acid fractions. 

Cholesterol was also isolated as the digitonide from the arterial tissue 
and its radioactivity determined. Even though large numbers of rats 
(as many as 80 in Experiment 3) were sacrificed, the amounts of cholesterol 
isolated were insufficient, unfortunately, to permit an accurate determi- 
nation of the radioactivity of cholesterol and its derivatives. 


TaBLe Il 
Conversion of C'H,C'%OONAa to Fatty Acids by Liver Preparations 


Recovery of C™ in fatty acids 


Experiment No. | Potal C“ added Per Specifi 
Bex | | Total counts com 
| ity* 
| counts 
| 
1. Liver slice... 10.6 | 2.3 X 9.2 | 379 
2. Digested livert 10.0) 5.0 K 10° 4.2 X 10° | 0.08 9.4 
3. ..| 10.0 5.0 10°§ | 4.5 108 0.09 10.2 


* See foot-note to Table I. 

t The specific activity of added C'™H,C“OONa = 7.6 & 10° counts per minute 
per mg. 

t For explanation of these control experiments see the text. 

§ The specific activity of added C“’H,;C“OONa = 1.6 & 10° counts per minute 
per mg. 


[ncorporation of P® into Phospholipides 


Thoracic aortas were excised from female rats 14 to 18 months of age as 
already described (7). The aortas from eight to twelve rats were blotted, 
weighed, and transferred to an Erlenmeyer flask containing a bicarbonate- 
Ringer’s solution and inorganic phosphate labeled with P®. 

The amounts of the P® incorporated into phospholipides are recorded in 
Table II]. The values in Column 6 are percentages of the added radio- 
activity recovered as phospholipide per gm. of wet tissue. In the presence 
of 0.9 gm. of rat thoracic aorta (Experiment 1), approximately 0.7 per 
cent of the added P*® was converted to phospholipide in 2 hours, or 0.8 per 
cent per gm. of tissue. Under identical conditions, 0.4 gm. of liver slices 
converted about 2 per cent of the P® to phospholipide, or about 5 per cent 
per gm. of slices. 

The mg. of phospholipide formed from the inorganic phosphorus of the 
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medium were calculated, and the values obtained are recorded in Column 7. 
Since inorganic phosphorus and various phospholipide intermediates 
already present in the tissue itself are undoubtedly converted to phospho- 
lipide, these values represent but a minimum of the total amount of 
phospholipide formed by the tissues. 

In Experiment 2, 0.02 m succinate was added to the medium containing 
the aortas. Despite the fact that this substrate increases the respiration 
of arterial tissue (7), it had no effect on the rate of incorporation of phos- 
phate into phospholipide. 


III 
Synthesis of Radioactive Phospholipide by Surviving Rat Thoracic Aorta and 
Liver Slices 
Incubated for 2 hours at 37.5° in Krebs-Henseleit buffer, pH 7.4; 0.18 mg. of P 
per bath; 3 ue. of P® in each bath. 


Surviving vat tol Minimal amounts 

ount ospho- 
= =e 

(1) (2) (5) | (7) 

1 Artery 0.90 °&«0.4 0.74 0.82 0.04 
Liver 0.38 2.9 1.75 4.60 0.21 
2t Artery 0.92 0.4 | 0.70 0.76 0.03 
Liver 0.30 2.8 | 1.7 5.83 0.26 
3 Artery 0.70 0.6 0.59 0.84 0.04 
0.55 0.6 0.50 0.91 0.04 
0.72 | 0.98 0.04 
Liver 0.51 2.5 | 2.28 4.46 0.20 


* Obtained as follows: 0.82/100 X 0.18 & 25, where 0.82 is the corresponding value 
in Column 6, 0.18 is the mg. of P per bath, and 25 is the P content of phospholipide. 
+ 0.02 m succinate added to bath. 


DISCUSSION 


There can be little doubt that the atheromatosis that develops in animals 
in which a hypercholesterolemia has been induced experimentally results, 
in part if not wholly, from an infiltration of circulating lipides into the 
arterial wall. In the development of the lesion, experimentally induced 
either by the feeding of cholesterol or by the injection of stilbestrol, it 
would appear, therefore, that the artery plays a passive réle in that the 
lipides composing the atheromatous plaque are not products of arterial 
metabolism. Since, however, atherosclerosis develops in man in the 
absence of a raised lipide level of the blood, several investigators have 
proposed that intrinsic factors must be concerned with the development 
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of this spontaneous lesion (9). The results of the present investigation 
can leave no doubt that arterial tissue is not inactive in the metabolism of 
lipides. Its capacity tosynthesize fatty acids from the 2-carbon fragment, 
acetate, and to incorporate phosphate into the phospholipide molecule (a 
process that involves the formation of two ester bonds) is clearly demon- 
strated by the results presented here. The significance of our findings with 
regard to the development of arteriosclerosis in man and animals is difficult 
to assess, because the rat does not develop arteriosclerosis. These findings 
do suggest, however, that the proposed concepts in which the artery is 
considered passive may require revision. 


EXPERIMENTAL 


Preparation of Bicarbonate-Ringer’s Solutian—The bicarbonate-Ringer’s 
solution was prepared according to the method of Krebs and Henseleit (10). 
In the fatty acid experiments, each 5 cc. of the buffer contained approxi- 
mately 1 mg. of sodium acetate, both carbons of which were labeled with 
C4, In the phospholipide experiment, P® in the form of inorganic phos- 
phate was added to the Ringer’s solution. Each flask contained 0.18 mg. 
of phosphorus in the form of KH,PO, and approximately 3 ue. of P®. 

The bicarbonate-Ringer’s solutions were saturated with a gas mixture 
consisting of 95 per cent O, and 5 percentCO,. The pH of the medium was 
adjusted to 7.4 just before the addition of the arterial tissue. Immedi- 
ately after addition of arterial tissue to the flasks, the atmosphere of the 
flasks was displaced by the same gas mixture. The flasks were incubated 
ina constant temperature bath at 37.5° for a period of 2 or 3 hours. 

Extraction of Radioactive Fatty Acids and Cholesterol—-The methods 
employed for the isolation of these lipides and the determination of their 
radioactivity have been described elsewhere (11). 

Extraction of Phospholipide—5 cc. of ice-cold 0.3 N trichloroacetic acid 
were added to each flask to stop the reaction. The contents of the flask 
were then transferred to an all-glass homogenizer, together with 1 or 2 ce. 
of the cold trichloroacetic acid, and the tissue thoroughly macerated. 
The tube and its contents were centrifuged and the supernatant discarded. 
The grinding and centrifugation of the precipitate were repeated twice. 
The acid-washed precipitate was then extracted five times with a 3:1 
alcohol-ether mixture at 50° and twice with ethylether. All extracts were 
combined in a 250 cc. Erlenmeyer flask that had a small side arm. The 
extracts were concentrated to a small volume on a steam bath. About 5 
ec. of distilled water and 50 mg. of KH.PO, were then added to the flask. 
This was done in order to dilute any inorganic P® which may have been 
carried into the extracts. The concentration was continued until alcohol 
was no longer detected. Ethyl ether was added to the flask and the 
flask vigorously shaken. The supernatant ether layer was poured off, the 
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lower water phase being caught in the side arm. The latter was then re- 
extracted twice and all three ether extracts combined in an Erlenmeyer 
flask which also had a side arm. In order to remove any remaining inor- 
ganic P®, the volume of the combined extracts was reduced to about 15 ee., 
on a hot water bath, and 50 mg. of KH.PO,4 again added with 5 cc. of water. 
After the flask was shaken violently, the ether phase was separated from 
the water phase by means of the side arm and the water phase was ex- 
tracted twice with ethyl ether. The extracts were combined in another 
side-armed flask. The water phase was tested for radioactivity, which 
was found to be negligible. The volume of the ethyl ether extracts was 
again reduced to 15 to 20 cc. and 5 ec. of water were added to wash the 
ethyl ether extracts free of inorganic phosphate. ‘The ethyl ether was 
transferred to a 100 cc. volumetric flask and made to volume. Aliquots 
of the ether solution were mounted on blotting paper for determination of 
radioactivity (12). The P® content of other aliquots was measured by 
King’s method (13), the color being determined by the Klett-Summerson 
colorimeter. 


SUMMARY 


1. The synthesis of lipides by the rat artery was investigated with the 
aid of P®* and acetic acid in which both carbons were labeled with C™. 

2. Surviving rat thoracic aorta is capable of converting acetate to fatty 
acids. The incorporation of P® into the phospholipide molecule is also 
readily accomplished by the rat artery. 

3. The bearing of these synthetic reactions on the development of 
atherosclerosis is discussed. 
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The repeated observation of an increased oxygen consumption by dys- 
trophic muscle from vitamin [-deficient animals (1-6) has stimulated a 
search for the enzyme system or systems which might be responsible. 
Houchin (7) reported an increased succinoxidase activity of hamster 
muscle and an inhibition of this activity by a@-tocopheryl phosphate. 
Though the inhibitory effect of a-tocopheryl phosphate on the in vitro 
succinoxidase activity of dystrophic hamster muscle, as well as normal 
muscle, was observed by subsequent workers (8), no significant difference 
in the activity of this enzyme, however, was found in the dystrophic mus- 
cle as compared to normal muscle. From the work of Govier et al. (9, 10) 
it appears that @-tocopheryl phosphate might also inhibit coenzyme I 
nucleotidase and lactic dehydrogenase. Spaulding and Graham (11) have 
likewise found that a-tocopheryl phosphate inhibits the coenzyme I nu- 
cleotidase. 

A decreased creatine content in dystrophic muscle, resulting from a 
vitamin K-deficiency, has also been well substantiated (12-15). Creatine 
is regarded as existing in muscle as phosphocreatine and only transitorily 
and to a relatively small extent as creatine. If this is true, then it follows 
that it is the phosphocreatine which is decreased. Assuming for the mo- 
ment that there is no decreased synthesis of creatine in the vitamin E-de- 
ficient animal, at least three possible explanations present themselves for 
the decreased phosphocreatine concentration in the dystrophic muscle: (1) 
the creatine does not enter the muscle cells rapidly enough, (2) there is an 
accelerated breakdown of phosphocreatine within the muscle, and (3) the 
rate of phosphocreatine regeneration is decreased. The recent report by 
Hummel (16) indicates that the oxidative phosphorylation of creatine in 
muscle may be decreased in nutritional muscular dystrophy. In the same 
paper Hummel reports a decreased adenosinetriphosphatase activity of 
muscle homogenates from dystrophic hamsters and guinea pigs. He, how- 


* Present address, Hospital of The Rockefeller Institute for Medical Research, 
6th Street and York Avenue, New York 21, New York. 
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ever, foresaw a possible explanation for his observations: ‘... it must be 
emphasized that there is a smaller active mass of muscle as a result of 
necrosis and fibrotic infiltration which may, in part, explain the lowered 
enzymatic activity in advanced dystrophy.”’ 

In the course of studies on nutritional muscular dystrophy in rabbits in 
this laboratory, the adenosinetriphosphatase and phosphatase (acid and 
alkaline) activity of muscle homogenates was determined. It is generally 
regarded that adenosine triphosphate is resynthesized by means of the Loh- 
mann reaction, in which phosphocreatine supplies the energy-rich phos- 
phate bond, as well as by oxidative phosphorylation. The thought oe- 
curred to us that perhaps in the dystrophic animal, in the initial stages of 
the disorder, adenosine triphosphate was more rapidly broken down than 
in the normal animal. The call on phosphocreatine might therefore be 
greater to resynthesize adenosine triphosphate. If the rate of adenosine 
triphosphate breakdown were such that even the increased rate of oxygen 
consumption by the muscle was inadequate to generate sufficient energy 
for resynthesis of the required energy-rich phosphate bonds, there could 
be an initial increase in the concentration of free creatine. If then the 
muscle does not hold creatine as such for any length of time, or holds only 
a limited amount of free creatine, one would have an explanation for the 
eventual decrease in creatine (phosphocreatine) concentration of the mus- 
cle. The leakage of creatine from the muscle might also be responsible 
for the creatinuria in animals with nutritional muscular dystrophy, if one 
keeps in mind the demonstration by Borsook and Dubnoff (17) that crea- 
tine is converted tn vitro to creatinine at a relatively slow rate. 

Since phosphate esters are intimately associated with carbohydrat 
metabolism and probably with metabolism in general, it seemed logical t 
investigate the relatively non-specific phosphatases too. 


EXPERIMENTAL 


Male rabbits weighing from 572 to 1390 em. were placed on the dys 
trophy-producing diet of Goettsch and Pappenheimer (18). Some of 
these rabbits, the controls, received orally 10 mg. of a-tocopherol! in ethy! 
laurate per day. The a-tocopherol was administered at least 3 hours after 
removal of uneaten food in the morning and at least 3 hours before a fresh 
portion of the diet was given in the evening (19). The animals were 
weighed every other day. 

For the quantitative collection of urine specimens, the bladder of the 
animal was emptied by gentle pressure on the abdominal wall; the animal 


! Some of the a-tocopherol was kindly supplied by Dr. Dana 8. Crum, Merck and 
Company, Inc., Rahway, New Jersey. The remainder was purchased from General 
Biochemicals, Inc., Chagrin Falls, Ohio. 
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was then placed in a metabolism cage for 6 hours. During this period of 
time only water was available. The urine excreted during this period 
~ eombined with that obtained by gentle pressure on the abdominal wall at 
the end of the period was regarded as a 6 hour specimen. 

When possible, creatinine and total creatinine were determined imme- 
diately; otherwise the samples were stored at 0° and analyzed within 24 
hours. ‘I‘he creatinine and total creatinine were determined by adaptation 
of the method of Folin (20) to the Klett-Summerson photoelectric colorim- 
eter. 

The animals were continued on the diet until there was a definite in- 
crease in the creatine excretion for 3 or more days. They were then sacri- 
ficed by a blow at the back of the head. As quickly as possible a piece of 
muscle from the right thigh was snipped out; approximately 500 mg. were 
weighed and homogenized with cold doubly distilled water in a small all- 
glass tissue mincer. After further dilution, the homogenate was used in 
the determination of adenosinetriphosphatase activity within 15 minutes 
of the death of the animals. The same homogenate was stored at 0° and 
used for the phosphatase determinations within 2 hours after the sacri- 
fice of the animal. 

The adenosinetriphosphatase activity of the muscle homogenates was 
determined according to the method of DuBois and Potter (21) except that 

} the volumes of the reagents were increased 5 times. Adenosine triphos- 
phate, which served as a substrate in this determination, was prepared ac- 
- cording to the directions of LePage (22). It had on analysis an inorganic 
phosphate content of 0.26 per cent. Of the total phosphorus (corrected 
for inorganic phosphate-phosphorus initially present) 65 per cent was re- 
leased in 7 minutes by hydrolysis at 100° in n hydrochloric acid. Under 
the same conditions, 76.5 per cent was released in 10 minutes. In the 
case of four control and four experimental animals, 1 mg. of disodium dl- 
a-tocopheryl phosphate? in 0.5 ml. of distilled water replaced an equal vol- 
| ume of water in the reaction mixture. When the tocopheryl phosphate 
of | was thus used, the reaction mixture was filtered instead of centrifuged prior 
yl | tothe determination of inorganic phosphate; the suspended material could 
er | not be removed satisfactorily by centrifugation. 

sh Acid, pH 4.50, and alkaline, pH 9.78, phosphatase activities of the mus- 
re | cle homogenates were determined with the method proposed by Binkley 
eal. (23) for serum phosphatases, except, of course, that a muscle homo- 
he | genate was used instead of serum. ‘The pH of the buffers was determined 
ual | with a glass electrode. The substrate was disodium phenyl phosphate. 
*The disodium dl-a-tocopheryl phosphate was kindly given to this laboratory 


by Dr. Kenneth L. Zierler and Dr. J. L. Lilienthal, Jr., of The Johns Hopkins Uni- 
versity Hospital, Baltimore, Maryland. 
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All determinations of activity were run in quadruplicate. In the instances 
in which tocophery! phosphate was used, 10 mg. of the disodium salt were 
dissolved in 5 ml. of doubly distilled water and replaced this volume of the 


I 
Effect of Vitamin E-Deficient Diet on Weight and Creatinine and Creatine Excretion 
of Young Rabbits 


Creatinine Creatine 


‘Oo. when sacrifice 
Initial} Final Initial Final | Initial Final a | Max | diet | 


Vitamin E-deficient 


| meg. me. me. me. 
gm. gm. gm. per | per | per | per per | per 
hrs.| 6 hrs. Ohrs. 6 hrs.'6 hrs. 


2 = &30 1160 1340 $3 4.5 12.8 2.9 12.0) 12.2; 27 Dead 60 min. when 


| | | | | sampled 
3 1060 1510, 1675) 12.7; 12.2) 17.2, 0.3 24.0 34. No signs of weak- 
| | | | ness 


5 1360, 1640 1730 14.2 12.5 18.5 5.0) 20.5 26.2. Hind quarters weak 

6 780 910 1320 9.0 9.0 12.0 1.5 34.0 34.0, 25. Apparently well 

7 750) 940 1310 9.0 3.7 11.2 2.5 23.8 23.8) 29 Moribund 

11 = 662) 1020 1180, 6.8 9.2 10.0 1.0 20.6, 21.7, 29 Weak but alert 

13 | 572, 1095) 1125 5.2 6.2 12.5 2.8 18.3 22.5] 31 Slight signs of 
| | | | weakness 

14-785, 1010, 1080 8.5 9.7 11.2 0.7 19.8 19.8 19 Weak 

18 | 1230! 1400] 1400 11.2) 8.7! 11.2 1.8 | 14.5) 24.3) 23° “ alert 

19 | 1025 1260, 1285) 10.2 16.2 16.2 4.2. 13.8 13.8 36 Apparently well 

22 1020) 1255, 1255, 9.2 14.0, 14.0) 1.2 | 7.8 16.8 33 

Control® 

4 | 1390 1570, 1570, 14.2 11.3 14.2) 5.0 5.0 5.0, 36 In good health 

9 | 785) 1210 1220, 8.3) 14.0 14.0, 3.4 4.7) 4.7, 2)“ 

10 | 785, 960 4.8) 8.2 8.2/1.7) 2.5 2.5 165)" “ 

15 1280 1500 1500 14.7 14.2} 16.0} 2.3) 2.5 2.5 OM)“ “ “ 

16 | 1240 1650) 1650! 13.2, 15.0, 15.0 3.0 0.7 3.0 22>" 

17 | 1380, 1480, 1480 14.5, 12.5 18.0 0.2 3.0 4.5) 

1065 1220 1220) 9.0, 12.2) 12. 2 1.2 0.4) 4.5 29 | 


* The control sabbite received orally 10 Ing. per day of a- Aecopharel | in ethy! 
laurate. 


stock buffer solution in the preparation of 100 ml. of the substrate-buffer 
solution. 
RESULTS AND DISCUSSION 


Summarized in Table I are the data on weight and creatinine and total 
creatinine excretion of the rabbits used in this study. 
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The control and dystrophic rabbits appear to show an approximately 
similar adenosinetriphosphatase activity (Table II). An exception is seen 
in the case of Rabbit 2, whose adenosinetriphosphatase activity was found 


Il 
Adenosinetriphosphatase Activity of Muscle Homogenates from Rabbits on Vitamin 
E-Deficient Diet 
The activity is expressed as micrograms of P per mg. of wet muscle per 15 minutes. 


Without a-tocophery! phosphate With a-tocopheryl phosphate 
With calcium Without calcium With calcium | Without calcium 
Control* 
4 15.14 4.94 
15.10 7.40 | 
10 | 316.12 7.60 
15 16.16 6.34 12.72 
16 |} 11.91 5.24 | 11.64 | ha 
17 15.36 14.97 4.27 
20 14.20 7.91 13.52 4.35 
Average... 4854038 6584031 13.214047  3.52+0.54 
ss 4.94-7.91  11.64-14.97  1.93-4.35 
Experimental 
2 7.45 3.70 
3 18.73 6.45 
5 16.65 «6.43 
6 16.05 8.75 
7 12.75 6.75 | 
11 | 11.10 4.60 | | 
13 14,31 5.21 | 
14 | 15.17 12.43 
18 (11.36 | 4.87 | 8.67 | 1.99 
19 15.96 4.80 | 3.13 
22 18.67 7.02 | 13.82 3.75 
Average. 14.35 + 0.70 588+030 12304085) 3.2324+0.31 
Range... . 7.45-18.73 3.70-8.75 8.67-14.28 1.99-4.07 


* The control rabbits received orally 10 mg. of a-tocopherol in ethyl laurate per 
day. 


to be relatively low. This may be due to the fact that this animal had 


| died within the hour previous to taking the muscle sample and the time, 
therefore, which elapsed between assay and death was different from that 
in all the other instances. It may also, however, be an indication that in 
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the rabbit, as in the guinea pig and hamster, adenosinetriphosphatase 
activity is decreased in a severely dystrophic state (16). The rabbit was 
definitely in the terminal stages of dystrophy, as evidenced by physical 
signs. The value for Rabbit 2 is included in the average value; were it to 
be excluded, the average value would still not be markedly different, namely 
15.07 +. 

With the thought in mind that a-tocopherol has been shown to partici- 
pate in biological systems and not merely asa non-biological oxidant (5, 7-10), 
disodium dl-a-tocopheryl phosphate was added to the substrate-buffer 
mixture in the case of four control and four dystrophic rabbits. As can 
be seen from Table II, in the instance in which added calcium and the tocoph- 
eryl phosphate are both present, the results are at most only suggestive 
that the enzyme, adenosinetriphosphatase, may be less active in the pres- 
ence of the tocopheryl phosphate. When calcium was not added to the 
reaction mixture, the activity of the enzyme was definitely lower in the pres- 
ence of the tocopheryl phosphate. Since calcium a-tocophery! phosphate 
is relatively insoluble, a test was made of the possibility that the observed 
decreased activity of adenosinetriphosphatase was due to a removal of 
the calcium originally present in the homogenate. The results of this test 
are given in Fig. 1. 

One might interpret the findings presented in Fig. 1 as strongly indica- 
tive that a-tocophery! phosphate exerts its inhibitory effect on adenosine- 
triphosphatase because of its precipitation of the calcium, which is an es- 
sential cofactor for the enzyme. 

Observations on the acid and alkaline phosphatase activities of muscle 
homogenates from normal and dystrophic rabbits are summarized in Table 
III. In the case of the alkaline phosphatase, the range and the overlap- 
ping of the activity values, found in the rather limited series of animals used, 
do not, at present, allow for any conclusion. ‘There does, however, appear 
to be a definite increase in the acid phosphatase activity of the muscle 
homogenates from the dystrophic rabbits. It is worthy of note that only 
in the case of one dystrophic animal, Rabbit 11, is the acid phosphatase 
activity as low as the highest value found in the control series. 

The data in Table III, in regard to the effect of a-tocopheryl phosphate 
on the acid phosphatase activity of muscle homogenates, indicate that, 
under the conditions of the determination, less phenyl phosphate, the sub- 
strate, is hydrolyzed when a-tocopheryl phosphate is present than when 
the latter is absent. That a-tocopheryl phosphate might interfere in the 
determination of the phenol released from phenyl phosphate suggested 
itself as a possible answer to the observed decreased activity. To settle 
this point the experiment presented in Table IV was set up. It is clear 
from the data in Table IV that a-tocopheryl phosphate does not interfere 
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with the development of the blue color given by phenol (or tyrosine) with 
the reagent of Folin and Ciocalteau. In this experiment the tubes contain- 


o----0 Homogenate added to a-TPh, 
Ca** and ATP 


a@-TPh mixed with homogenate 
before addition to Ca’* and ATP 


~2 
© 


“ 
» 
> 60 
‘3 
» 50- 
A0|— 
30|- 


9.6 38.0 154.0 


Calcium concentration (added) 


Fic. 1. The effect of calcium on the inhibition by a-tocopheryl phosphate (a-TPh) 
of the adenosinetriphosphatase activity of rabbit muscle homogenates. The cal- 


tium was added as calcium chloride. The concentration of a-tocophery] phosphate 
was 3.4 X 10-‘ m in each instance. 


ing the a-tocopheryl phosphate (1 mg. of the disodium salt in each) were 
turbid, owing to the precipitation of this material. The precipitate, how- 
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III 
Phosphatase Activity of Muscle Homogenates from Rabbits on Vitamin E-Deficient 
Diet 
The activity is expressed as micrograms of phenol liberated per hour by 10 mg. of 
muscle (wet weight) at 37°. 


Acid phosphatase 
Rabbit No. Alkaline phospha 
Control* 
4 2.60 | 1.20 
y | 3.45 | 2.83 
10 | 2.13 | 2.00 
15 1.97 0. 00t | 
16 2.15 0.60 | 
17 1.73 0.73 | 
20 2.77 | 1.35 | 
Average...........  2.4040.15 |  0.67+0.19 2.01 + 0.32 
1.73-3.45 0.00-1.35 1. 20-2.83 
Experimental 
2 | 
3 4.41 | 1.50 
5 4.11 | 0.25 
6 3.70 3.57 
7 4.45 3.01 
ll 3.40 1.80 
13 4.47 0.80 
14 4.17 0.00T | 
18 4.10 2.37 : 
19 7.97 | 1.17 
22 5.75 | 2.20 
Average......... | 4.58 + 0.26 1.43 + 0.38 1.89 + 0.30 
| 3.40-7 .97 0 .00-2.37 0.25-3.57 
* The control rabbits received orally 10 mg. of a-tocopherol in ethyl laurate per | 


day. 

t 1 mg. of disodium dl-a-tocopheryl phosphate was present in each tube; in all 
of the other determinations only 0.5 mg. of the disodium dl-a-tocopheryl phosphate 
was used per tube. 


ever, was finely dispersed, as evidenced by the relatively constant incre- 
ment in the density reading of each tube. This turbidity was never ob- 
served when muscle homogenates were part of the mixture and filtration 
was employed. 


( 
I: 
of 

m 


M. M. CAREY AND D. D. DZIEWIATKOWSKI 127 


TasBie IV 


Effect of Added Disodium dl-a-Tocopheryl Phosphate on Color Developed with Known 
Amounts of Phenol and Phenol Reagent of Folin and Ciocalteau 


Each tube in Column 3 contained | mg. of the disodium dl-a-tocophery! phosphate 
(TPh) u in 1 addition to the indic ated cone centration of phenol. 


Photometer 
P 


Photometer readin 
Phenol concentration presence of 1 mg. ing in 


Photometer reading presence of 1 mg. 


(1) (2) (3) (4) 

meg. 
0.000 0.000 0.119 0.000 
0.000 0.000 0.119 | 0.002 
0.004 0.063 0.184 | 0.065 
0.004 0.062 0.182 | 0.065 
0.008 0.121 0.243 | 0.128 
0.008 0.122 0.240 | 0.126 
0.012 0.180 0.310 | 0.198 
0.012 0.182 0.300 | 0.187 
0.016 0.240 0.365 | 0.249 
0.016 0.242 0.358 | 0.241 
0.020 0.299 0.420 0.300 
0.020 0.301 0.421 0.302 


* These readings were taken : weal the photometer set at zero with the tubes of 
Column 2 containing no phenol. 

t These readings were taken with the photometer set at zero with the tubes of 
Column 3 containing no phenol. 


TABLE V 


Réle of Disodium dl-a-Tocopheryl Phosphate as Substrate for Rabbit Muscle Acid 
Phosphatase 


Al per cent muscle homogenate served as the source of the enzyme. The con- 
centration of disodium dl-a-tocopheryl phosphate in the presence of the enzyme was 
of disodium pheny! phosphate, An acetate buffer, pH 5.0, was used. 
Incubation was at 37° for | hour. The activities are expressed in terms of 10 mg. 
of wet muscle. The muscle samples had been in a deep freeze box for 1 to 2 weeks 
before use. The figures in parentheses are calculated values for phosphorus, in 
micrograms, from the corre sponding | observ ed values for phenol. 


a-Tocopheryl 

phosphate 

1.50 0.80 | 4.70 (3.10) 

2 0.14 0.00 4.47 11.45 (3.80) 

3 0.00 0.00 4.67 13.95 (4.60) 

4 0.00 — 12.60 (4.16) 


0.98 4.48 


per 
all 
| 
— 
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The further possibility that a-tocopheryl phosphate might act as a sub- 
strate for the acid phosphatase of the muscle, substituting in part for the 


o---0 (02M acetate buffer, pH 5.0 
AZMcitrate , * 9.5 


Per cent activity 
T T 


| | | | 
42 85 110 340 680 x10°m 
a-TPh concentration in incubation volume 
Fic. 2. The effect of a-tocophery! phosphate (a-TPh) concentration on the acid 


phosphatase activity of rabbit muscle homogenate. The « tocophery! phosphate 
was added as a solution of its disodium salt. 


phenyl phosphate, came to mind. A determination of the phenol released 
by acid phosphatase from pheny]! phosphate in the presence of a-tocophery! 
phosphate might indicate only the fractional activity of the enzyme. ! 
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the enzyme aflected the hydrolysis of a-tocopheryl phosphate, as well as 
phenyl phosphate, a determination of the phenol alone would not take this 


> 60 Homogenate added to 
2 a-TPh,Ca’ , and substrate 
» Wr ! a-TPh before addition to 
Ca** and substrate 
/ 
G / 
2 
30 
20 


10}- 


2.5 5.0 10.0 20 x10*m 


Calcium conc. (added) in incubation volume 


Fic. 3. The effect of calcium on the inhibition by a-tocopheryl phosphate (a-TPh) 
of the acid phosphatase activity of rabbit muscle homogenates. The calcium was 
added as calcium chloride; the a-tocophery! phosphate, as the disodium salt. The 
concentration of a-tocopheryl phosphate was 2.2 in each instance. 


into account. ‘Io settle this point the experiments summarized in Table 
V were carried out. Here, not only the phenol released from pheny! phos- 
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phate but the increase in inorganic phosphate was determined. It ap- 
pears from this experiment that the amount of inorganic phosphate 
liberated when a-tocopheryl phosphate and phenyl phosphate are both 
present is either very small or negligible. The a@-tocopheryl phosphate is 
not used to any extent as a substrate by the muscle acid phosphatase. It 
may very well be that a-tocopheryl phosphate combines with the enzyme 
or some essential component which is necessary for the activity of the acid 
phosphatase and thereby inhibits the activity of the enzyme on the sub- 
strate phenyl! phosphate, with which the enzyme is likewise confronted. 

The inhibitory effect of a-tocopheryl phosphate on the acid phosphatase 
activity of rabbit muscle homogenates was found to vary with the con- 
centration of a-tocopheryl phosphate, as shown in Fig. 2. 

Calcium, when added as the chloride so that the final concentration of 
this cation ranged from 2.5 XK 10-* m to 4.0 XK 10-* m, was found to have 
no apparent effect on the activity of the rabbit muscle acid phosphatase. 
Calcium, however, as shown in Fig. 3, could decrease the inhibitory effect 
of a-tocopheryl phosphate. The inhibition by a-tocopheryl phosphate of 
the acid phosphatase activity decreased as the calcium concentration in- 
creased, provided that the a-tocopheryl phosphate was added to the cal- 
cium-containing buffer-substrate solution (upper curve, Fig. 3). If, on 
the other hand, the a-tocopheryl phosphate was added to the muscle homo- 
genate before the latter was added to the calcium-containing buffer-sub- 
strate solution, only a slight effect of the calcium was demonstrable (lower 
curve of Fig. 3). It would seem that the a-tocopheryl phosphate when 
added to the muscle homogenate combined with some component in the 
homogenate, either the acid phosphatase or some unknown cofactor of 
this enzyme, and thereby affected the activity. The affinity of a-toco- 
pheryl phosphate for this undetermined component appears to be a rela- 
tively strong one: calcium, even in excess, did not result in the precipita- 
tion of the rather insoluble calcium tocopheryl phosphate. 


SUMMARY 


No definite increase or decrease was observed in the adenosinetriphos- 


phatase and alkaline phosphatase activities of muscle homogenates from 


dystrophic rabbits. 


A definite increase, an approximately 2-fold increase, in the acid phos — 


phatase activity of muscle homogenates from dystrophic rabbits was ob- 
served. 

The in vitro addition of a-tocopheryl phosphate to the adenosinetriphos- 
phatase system resulted in a decrease of activity. The inhibitory effect 
of a-tocopheryl phosphate appears to be due to the precipitation of calcium, 
which serves as an activator (cofactor) for this enzyme. 
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The addition of a-tocopheryl phosphate in vitro to the muscle acid phos- 
phatase system resulted in an inhibition of activity. Calcium is not re- 
quired as a cofactor for the maximal activity of the muscle acid phosphatase 
under the conditions employed. Though it was found possible to decrease 
the inhibitory effect of a-tocopheryl phosphate on the enzyme by the addi- 
tion of calcium to the system, it was also possible to demonstrate that the 
inhibition by a-tocophery! phosphate of the muscle acid phosphatase was 
but slightly affected if the @-tocopheryl phosphate was mixed with the 
muscle homogenate before calcium was added. 
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THE EFFECT OF ACETIC ACID ON THE STABILITY OF 
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(Received for publication, December 27, 1948) 


Several investigators (1, 2) have shown that when horse serum is de- 
natured a change in the relative distribution of electrophoretic components 
oeurs. Van der Scheer, Wyckoff, and Clarke (1) found that heating of 
serum at 65° resulted in the formation of a single component, with the dis- 

_ appearance of the albumin and globulin peaks of the serum. This was 
confirmed by Davis, Hollaender, and Greenstein (2) who also demon- 
strated a similar phenomenon produced by ultraviolet radiation. 

In the present study the stability of serum and certain plasma protein 

_ fractions at acid pH values in the presence of acetate has been investigated. 

| To determine the stability of these proteins, electrophoretic analysis was 

| carried out after removal of the acetate ions and the results are compared 
with those obtained with undenatured human serum. 


EXPERIMENTAL 


Usually three or four different samples of normal human serum were 
pooled and adjusted to the desired pH by dropwise addition of acetic acid 
with sufficient stirring to minimize any possible effects of local excess of 
wid. After standing at room temperature for 30 minutes, the solutions 
were dialyzed at 3-5° against 2000 cc. of 0.15 m sodium chloride for 2 
days with several changes of the dialysate. The samples were then diluted 
with 0.1 N sodium diethyl barbiturate buffer of pH 8.6 to a final protein 
concentration of 1.87 per cent, t.e. 3.0 mg. of protein nitrogen per cc., and 
dialyzed in the cold for 3 days against liberal portions of this buffer. 

The electrophoretic experiments were performed at 1.5° in a Tiselius ap- 
paratus (3) equipped with the schlieren scanning device of Longsworth (4). 
The concentrations of the electrophoretically separable components were 
estimated by the procedure of Tiselius and Kabat (5). The results are 
expressed as the ratio of the area of each component to the total area, ex- 


* This is Publication No. 104 of the Robert W. Lovett Memorial for the study of 
crippling disease, Harvard Medical School. The expenses of this investigation 
vere defrayed in large part by a grant from the Commonwealth Fund, New York. 

t Present address, The Rockefeller Institute for Medical Research, New York. 
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clusive of the 6- and e-boundaries. Average values of the descending and 
ascending boundaries are given. Mobilities were computed from the de. 
scending patterns and refer to 0°. 


Results 


In Fig. 1 are superimposed the tracings of the electrophoretic patterns 
of normal human serum before and after exposure to acetic acid at pH 3.0 
for 30 minutes. Electrophoresis of the acetic acid-treated serum showed a 
progressive increase in homogeneity of the material with the formation of 
anew peak. This new component, designated as D (for denatured), mi- 
grates with a mobility intermediate to mobilities of the a2- and 8-globulins. 


A 
— Normal 
~--- Acetic acid treated A 
| 
i! 
it 
it 
Pi 


Fig. 1. Superimposed tracings of a 1.87 per cent solution of normal human serum 
before and after treatment with acetic acid at pH 3.0. Electrophoresis was carried 
out in a sodium diethyl barbiturate buffer at pH 8.6 and 0.1 ionic strength at a po- 
tential gradient of 5.3 volts per cm. for 12,600 seconds. 


Exposure to acetic acid at pH 3.0 for 30 minutes was found to be necessary 
for the appearance of this component. In samples treated for 30 minutes, 
the D component has the same mobility as that of a sample treated for 48 
hours, although in the latter case the D component is present in a some 
what higher concentration. 

Effect of pH—The striking differences of the two patterns of Fig. 1 made 
it desirable to test the effects of acetic acid at various pH values. Table! 


shows the apparent distribution of the protein components observed iD — 


six experiments in which the pH was varied between 4.0 and 2.8. After 
exposure to pH 4.0, no significant changes were found. At pH 3.7, the 
a,-globulin increased at the expense of the albumin. pH 3.4 causes a fur- 
ther shift in the concentration of these two components, and the D com- 
ponent appears. At pH 3.1, the amount of y-globulin is reduced. These 
results indicate clearly that in the case of\normal human serum in an ace 
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tic acid medium pH 4.0 represents the critical pH for the stability of the 
proteins. At pH values below 4.0 denaturation occurs. 

In a series of experiments in which hydrochloric acid, lactie acid, or 
equilibration with a glycine-hydrochloric acid buffer was used for adjust- 
ment to pH 3.0, the formation of the D component was not observed. In 
these cases all the electrophoretic components of normal serum were pres- 
ent. However, a slight shift in the distribution of the relative concentra- 
tions of components was noticeable which was most marked in the case of 
the lactic acid-containing medium. 

Stability of Plasma Fractions—Since it was found that the serum globu- 
lins are more specifically affected by the presence of acetic acid, the sta- 
bility of plasma fractions was investigated. Various preparations were 


TABLE I 


Electrophoretic Distribution of Proteins in 1.87 Per Cent Solution of Normal Human 
Serum after Exposure to Acetic Acid at Various pH Values for 30 Minutes 


of Concentration in per cent as Mobilities X cm.? volt ~! sec.-! 
tin of pH (Albumin — Albumin 
acetic acid” a | as D | fe} | a D 8 Y 
| | 

| «68.3 5.2 10.4 14.012.1; —6.4 ~5.2)-4.1 —3.0|\—1.3 
0.204 | 4.06 | 57.1 | 5.612.) 13.2)12.0, —6.4 |—5.2)—-4.1 —3.0|—1.2 
0.735 3.70, 53.1) 9.414.8 (11.011.7) —6.3 —5.1)—4.0 —3.1)-1.2 
1.47 3.40) 47.0 14.9 28.0, 10.11 —6.3 |—5.2! —1.2 
2.9% (3.10 45.0 16.0 34.8 | 4.2) —6.3 |-5.3) —1.2 
(2.80 47.8 (10.0) 40.8 (1.41 -6.3/-5.2) {|-3.6) —1.3 


and 0.1 ionic strength. 


tested! Only in Fraction IV-1, which contains a;-, as-, and 8-globulins, 
traces of albumin and y-globulin, and which is characterized by a lipide 
content of 15.0 per cent, was a change similar to the one in serum noticed. 
This suggests the lability of lipide-protein linkages as the cause of the D 
peak. Another observation seems worth recording. In Fig. 2 are shown 
the electrophoretic patterns of y-globulin before and after treatment with 
acetic acid at pH 3.0 for 30 minutes. The average mobility,u = —1.2 x 
10“ em.? sec.~! volt~', remains unchanged. The somewhat greater homo- 


'The products of plasma fractionation employed in this work were developed 
from blood, collected by the American Red Cross, by the Department of Physical 
Chemistry, Harvard Medica! School, Boston, under a contract recommended by the 
Committee on Medical Research between the Office of Scientific Research and De- 
velopment and Harvard Medical School. 
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Electrophoresis was carried out in a sodium diethyl barbiturate buffer at pH 8.6 
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geneity of the pattern ‘1 Fig. 2, B, however, is accompanied by an ip. 
crease of irreversibly denatured protein which, in the presence of neutral 
salt, precipitates in the neighborhood of the isoelectric pH of this protein. 
Moreover, it seems of interest to consider this result in connection with the 
one described above; namely, that exposure of purified y-globulin to pH 3.0 
in the presence of acetic acid does not alter the mean mobility of the protein 


A. Normal 


a < 4 d 


B. Acetic acid treated 


a < 4 >d 


Fic. 2. Electrophoretic patterns of human y-globulin. The patterns were ob- 
tained from a 1.0 per cent protein solution in sodium diethyl barbiturate buffer at 
pH 8.6 and 0.1 ionic strength at a potential gradient of 5.2 volts per cm. for 10,80 
seconds. 


fraction, whereas the same treatment causes this component to disappear 
in the serum. 


DISCUSSION 


It is apparent from the results presented in this paper that marked alter- 
ations occur in the distribution of electrophoretic components of serum 
after exposure to acetic acid for 30 minutes. These changes occur ina rel 
atively short time and are dependent on the pH of the solution. No ex 
periments to give a detailed account of the nature of this particular dena- 
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turation have been carried out. From the fact that exposure to acetic acid 
of the purified plasma fractions, e.g. albumin and y-globulin, does not pro- 
duce a significant shift of the electrophoretic mobilities, we may assume 
that the prevailing experimental conditions do not alter markedly the 
number of ionizable groups of these proteins. In the case of the lipide- 
rich protein fraction, Fraction IV, however, a change in the electrophoretic 
behavior was noticed. This leads us to believe that fission of lipide- 
protein linkages may be the cause of this phenomenon. The splitting of 
such bonds and a simultaneous recombination of molecules may readily 
yield aggregates of different size, but with a similar charge distribution 
such a mechanism could easily explain the formation of the D peak ob- 
served in the case of serum. A similar result was obtained by Tiselius and 
Horsfall in their work on the dissociation and reassociation of different 
hemocyanins (6). 

From a comparison of the effect of acetic acid on serum proteins with 
that of other acids, t.e. hydrochloric acid, lactic acid, and the glycine- 
hydrochloric acid mixture, it is apparent that the formation of the D 
component at pH 3.0 is relatively specific for the presence of acetate ions. 
It therefore seems worth while to stress that denaturation does not de- 
pend on the nature of the protein and the acidity of the medium alone, 
but that the type of ions present in the medium also plays a role in deter- 
mining the degree of stability of a protein. Moreover, it was noticed that 
under any given experimental condition the rate of denaturation may be 
enhanced considerably by the presence of neutral salts. 


SUMMARY 


Exposure of serum to acetic acid at pH values below 4.0 causes an irre- 
versible denaturation of the proteins. This phenomenon is dependent on 
the pH of the solution. At pH 3.0, a new electrophoretic component, 
designated as D, was observed, which migrates with a mobility interme- 
diate to mobilities of the a- and 8-globulins. 


The authors are indebted to Dr. J. L. Oncley of the Department of Phys- 
ical Chemistry, Harvard Medical School, Boston, for supplying the plasma 
fractions. 
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THE SYNTHESIS OF pi-TRYPTOPHAN-8-C"*, INDOLE-3- 
ACETIC ACID-a-C", AND pt-TRYPTOPHAN-3-C4 * 


By CHARLES HEIDELBERGERt 


(From the Radiation Laboratory and the Department of Chemistry, University of 
California, Berkeley) 


(Received for publication, January 17, 1949) 


The first recorded synthesis of tryptophan, by Ellinger and Flamand in 
1908 (1), involved the condensation of indole-3-aldehyde and hippuric 
acid in a typical azlactone reaction. The yield in the synthesis was much 
improved in 1935 by Boyd and Robson (2), who employed hydantoin in- 
stead of hippuric acid for the condensation. This reaction has recently 
been used by Bond (3) in the preparation o: DL-tryptophan-carboxyl-C". 
In 1944 Snyder and Smith (4) and Albertson, Archer, and Suter (5) inde- 
pendently reported almost identical synthesis of tryptophan by the con- 


* HAc 
+ CH,O + (CH;),NH 
N 
H 
CH(COOEt), 
(CH;),SO, 
NaOEt 
H 
33% based on CO, 
4 * 
CH,C(COOED), } CH,CHCOOH 
| | | 3. 180, 
> 
H 


82%; 76%; 


*This paper is based on work performed under contract No. W-7405-eng-48 with 
the Atomic Energy Commission in connection with the Radiation Laboratory, Uni- 
versity of California, Berkeley. 

This system of nomenclature is in accord with that proposed by Calvin, Heidel- 
berger, Reid, Tolbert, and Yankwich (13). The 6-carbon is in the side chain and 
the 3-earbon is in the indole ring. 

t Present address, McArdle Memorial Laboratory, Medical School, University 
of Wisconsin, Madison. 
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densation of gramine withethyl acetamidomalonate, followed by hydrolysis, 
Suitable modifications of these procedures were employed in the synthesis 
of pL-tryptophan-8-C'™, The isotopic indole acetic acid was prepared from 
gramine by modifications of a known method (6), which involves the alkyla- 
tion of potassium cyanide by gramine, followed by hydrolysis. The reac- 
tions and the yields obtained are indicated by the equations shown in the 
accompanying scheme. 

The isotopic formaldehyde was prepared from methanol, which was ob- 
tained from carbon dioxide by high pressure hydrogenation (7). The prep- 
aration of pL-tryptophan-3-C" is indicated in the experimental section. 

We are deeply grateful to Mrs. F. Christensen and Dr. B. M. Tolbert for 
the , reparation of the formaldehyde, and to Dr. W. G. Dauben for the 
benzoic acid-carboxyl-C"* used in these syntheses. 


EXPERIMENTAL 


Copper hydroxide, freshly precipitated from a cupric nitrate! solution by 
the addition of dilute ammonium hydroxide, was washed thoroughly with 
water and applied to a copper screen, which was rolled, inserted into a small 
quartz tube, and reduced with hydrogen at 450°. The labeled methanol, 
which contained water, was passed over the catalyst (600°) with a stream 
of air from a small bubbler heated to 70°. The reduction products were 
trapped in a small bubbler containing | ml. of water and a trace of metha- 
nol. The unabsorbed gases were passed through a combustion furnace to 
recover the radioactive carbon. The yields of formaldehyde varied from 
40 to 60 per cent. The formaldehyde, thus obtained from methanol follow- 
ing the reduction of 25 mo of labeled carbon dioxide, was added to a chilled 
mixture of 1.42 gm. of 33 per cent aqueous dimethylamine and 1.42 gm. of 
glacial acetic acid, and the solution was quickly added to 1.10 gm. of indole. 
Heat was evolved, the indole dissolved, and the mixture was allowed to 
stand at room temperature for 18 hours. The light yellow solution was 
then added dropwise to an ice-cold solution of 1.42 gm. of sodium hydroxide 
in 20 ml. of water, and a white crystalline precipitate of gramine was 
formed, which melted at 121-126°. Yield, 1.39 gm. (33 per cent based on 
carbon dioxide); specific activity, 152,000 counts per minute per mg. 

The crude gramine, 1.29 gm., was allowed to react at room temperature 
with a mixture from 0.18 gm. of sodium in specially dried absolute ethanol, 
and 1.70 gm. of ethyl acetamidomalonate and 1.2 ml. of dimethy!] sulfate 
were added as described (5). Yield, 2.10 gm. (82 per cent); m.p., 13l- 
133.5°. 

The ester, 2.10 gm., was refluxed for 3 hours with a solution of 1.20 gm. 


1 Mallinckrodt Chemical Works reagent grade copper nitrate gave better yields 
of formaldehyde than any of five other samples tested. 
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of sodium hydroxide in 10 ml. of water, and on cooling and acidification 
1.57 gm. (90 per cent) of the malonic acid, m.p. 135-138° (with decomposi- 
tion), were obtained. When this compound was heated to 140°, smooth 
decarboxylation occurred, and the acetyltryptophan so obtained was re- 
erystallized from an alcohol-water mixture containing a trace of sodium 
hydrosulfite to give a yield of 92 per cent, m.p. 206-208°. Hydrolysis was 
accomplished by heating 0.53 gm. for 4 hours under nitrogen with 6 ml. of 
2n sulfuric acid. About 30 ml. of water were added, and the solution was 
heated, decolorized with charcoal, and neutralized to phenolphthalein with 


barium hydroxide. The hot solution was filtered free of barium sulfate and 
evaporated to dryness. The resulting tryptophan was recrystallized al- 
most quantitatively from 15 ml. of acetic acid and 15 ml. of benzene, and 
0.54 gm. (82 per cent) of glistening, colorless plates of tryptophan acetate 
galt containing a molecule of acetic acid of crystallization was obtained. 


This represents an over-all yield of 19 per cent based on carbon dioxide. 
The specific activity was 132,000 counts per minute per mg. (approximately 
1 wc. per mg.). 
Analysis—C Calculated. C 55.52, H 6.15 
Found. “ * 
Indole-3-acetic Acid-a-C'*—Gramine, 50 mg., and potassium cyanide, 38 
mg., were dissolved in 1 ml. of 50 per cent ethanol, 0.1 ml. of dimethyl sul- 
fate was added, and the mixture was refluxed for 1} hours. The alcohol 
was then distilled, and the crude nitrile separated as a yellowish oil, which 
was extracted with ether. After evaporation of the ether, the nitrile was 
refluxed for 48 hours with 50 mg. of potassium hydroxide dissolved in 2.5 
ml. of ethanol with 10 drops of water. The alcohol was then evaporated, 
and more water was added. The solution was extracted with ether to re- 
move a small amount of nitrile and then acidified. The indole acetic acid 
thus obtained was recrystallized from water. Yield, 25 mg. (50 per cent, 
m.p. 163-165°); specific activity, 130,000 counts per minute per mg. 
Analysis—CyoHyO2N. Calculated. C 68.56, H 5.18 


_ The acid was then converted to the sodium salt for storage. 


pL-Tryptophan-3-C'*—This ring-labeled tryptophan was prepared in very 
low yield by the following series of reactions, in which no special modifica- 
tions were made in the standardized procedures. 


* * 
COOH —— C,H;COOC,H; C.H,CH; 


o- and p-nitrotoluenes --— o0- and p-aminotoluenes ——> 


0 
o- and p-formylaminotoluenes 33%, indole-3-C“ — tryptophan-3-C™ as before 
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Carboxyl-labeled benzoic acid, 10 gm., was esterfied by the azeotropic 
method (8), and the ethyl benzoate was hydrogenated to toluene at 250° 
over copper-chromite catalyst (9). The toluene was nitrated in sulfuric 
acid solution (10), and the mixture of o- and p-nitrotoluene was hydrogen- 
ated in benzene solution at 210° over a nickel on kieselguhr catalyst (11). 
The crude amines were refluxed with 90 per cent formic acid and converted 
- into indole (0.39 gm.), by treatment with potassium tert-butoxide followed 
by pyrolysis (12). Only the ortho isomer gave indole. The over-all yield 
of indole from benzoic acid was 8.5 per cent. The indole was then con- 
verted into tryptophan, with non-isotopic formaldehyde, by the series 
of reactions used for the 8-labeled compound and in substantially the same 
yield. The specific activity was 6800 counts per minute per mg. 


SUMMARY 


1. pt-Tryptophan-8-C", indole-3-acetic acid-a-C™, and pL-tryptophan- 
3-C'4 have been synthesized. 
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TRYPTOPHAN METABOLISM 


I. CONCERNING THE MECHANISM OF THE MAMMALIAN CONVERSION 
OF TRYPTOPHAN INTO KYNURENINE, KYNURENIC ACID, 
AND NICOTINIC ACID* 


By CHARLES HEIDELBERGER,*t MARY E. GULLBERG, AGNES FAY 
MORGAN, anp SAMUEL LEPKOVSKY 


(From the Department of Chemistry and the Radiation Laboratory, and the 
Department of Home Economics and the Division of Poultry Husbandry, 
College of Agriculture, University of California, Berkeley) 


(Received for publication, January 17, 1949) 


One of the first metabolic products of tryptophan to be reported was 
kynurenic acid, which was isolated by Ellinger in 1904 (1) from the urine 
of dogs that had been fed the amino acid. He characterized the compound 
correctly except for the assignment of the carboxyl group to the 3 position 
in the quinoline ring, but its correct location at the 2 position was deter- 
mined soon afterward (2). Another apparent metabolic product, kynure- 
nine, was discovered in 1931 by Kotake and Iwao (3), who assigned an in- 
correct structure to this molecule. In 1943, however, Butenandt et al. (4) 
determined its structure and confirmed it by synthesis. A third metabo- 
lite, xanthurenic acid, was isolated from the urine of pyridoxine-deficient 
rats that had previously been fed tryptophan (5). 

Krehl et al. (6) in 1945 showed that rats would grow rapidly on low nico- 
tinic acid diets containing corn, provided that additional tryptophan was 
added, and called attention to the possibility of a metabolic interrelation 
of this amino acid and nicotinic acid. They suggested that these results 
might be due at least in part to the intestinal flora. Shortly afterwards 
Rosen, Huff, and Perlzweig (7) demonstrated an increased excretion of nico- 
tinic acid and N-methylnicotinamide in the urine of rats following the ad- 
ministration of tryptophan and suggested that tryptophan is converted into 
nicotinic acid. Since that time this conversion has been found to take place 
in humans (8) and several other mammals. A first understanding of the 
mechanism of this transiormation resulted from the work of Beadle, Mitch- 
ell, and Nyc (9), who demonstrated that kynurenine is an intermediate in 
the conversion of tryptophan into nicotinic acid in mutant strains of Neuro- 


* This paper is based on work performed under contract No. W-7405-eng-48 with 
the Atomic Energy Commission in connection with the Radiation Laboratory, 
| University of California, Berkeley. 

t Present address, McArdle Memorial Laboratory, Medical School, University 
of Wisconsin, Madison. 
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spora. It seemed desirable to ascertain whether this same mechanism 
might apply to mammals as well and to gain further definite evidence as to 
the exact nature of the conversion of tryptophan into kynurenine and 
kynurenic acid. Accordingly, the experiments with isotopic tryptophan 
(10) were undertaken, and a preliminary summary of our results has al- 
ready been reported (11). During the course of this work, Mitchell and 
Nyc reported that 3-hydroxyanthranilic acid is also an intermediate in the 
conversion of tryptophan into nicotinic acid in Neurospora (12), and they 
obtained evidence from dietary experiments (13) that the compound also 
participates in the sequence of reactions in the rat. Further confirmation 
was afforded by the experiments of Albert, Scheer, and Deuel (14), who 
demonstrated increased excretion of N-methylnicotinamide in the urine of 
rats that had been given the hydroxyanthranilic acid. Kotake apparently 
has obtained independent evidence for these metabolic pathways.' 

We are grateful to Mrs. Martha Kirk and Mrs. Olga Nave for technical 
assistance. 


EXPERIMENTAL 
Isolation of Kynurenine 


A young, mature rabbit was maintained for 3 weeks on a diet of polished 
rice, cooked in a minimum of water. On this régime, the animal lost 25 
per cent of its weight. A suspension of 4.00 gm. of pL-tryptophan-8-C" in 
isotonic saline (30 ml.) was then injected subcutaneously. The urine was 
collected under toluene, and the L-kynurenine sulfate was isolated by slight 
modifications of the method of Butenandt et al. (4). The 48 hour urine 
which gave a strong qualitative test for kynurenine was acidified with sul- 
furic acid and filtered. The filtrate was concentrated at room temperature 
to one-fifth of its volume; ethanol, sufficient to make an 80 per cent solu- 
tion, was added, and the solution was allowed to stand for 2 days in the re- 
frigerator. At the end of this time, the crystalline kynurenine was filtered 
and recrystallized from dilute ethanol. ‘The kynurenine sulfate which still 
contained considerable inorganic impurities was converted into the acetate 
salt by erystallization from acetic acid-benzene, and 350 mg. of an analyt- 
cally pure sample were obtained. Its specific activity was determined by 
combustion. 

The specific activity of administered tryptophan was 308 counts per mil- 
ute per mg.; the specific activity of kynurenine acetate was 113 counts per 
minute per mg. If the entire dose of tryptophan were converted directly 
into kynurenine, its specific activity would have been 303 counts per min- 
ute permg. ‘Therefore, there was a dilution of 63 per cent by the body pod 
of tryptophan and kynurenine. 


! Private communication from Dr. R. Kinoshita. 
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Kynurenine Degradation 


The kynurenine acetate thus obtained was treated with sodium hypo- 
iodite, and iodoform of correct specific activity was obtained, indicating 
that only the 6-carbon atom of the compound contained the label. This 
reaction involves the oxidation of the a-amino acid group with the loss of 
carbon dioxide and ammonia to give o-aminobenzoylacetaldehyde (15) 
which is then cleaved in alkali in either of the two possible ways, each of 
which would give iodoform derived from the same carbon atom on reaction 
with another molecule of hypoiodite. 

The labeled kynurenine acetate, 3.2 mg., was diluted with 50.4 mg. of 
carrier kynurenine acetate, and after one recrystallization its specific ac- 
tivity was determined by the direct plating technique (16) and found to be 
§.8 counts per minute per mg. This sample, 35 mg., was boiled for 1 hour 
with N sodium hydroxide, then cooled, and a solution of sodium hypoiodite 
wasadded. The iodoform, which separated immediately, was centrifuged, 
washed with water, and recrystallized from dilute ethanol. The specific 


activity, determined by direct plating, was 4.7 counts per minute per mg. 
(calculated, 4.8 counts per minute per mg.). 


Kynurente Acid Isolation 


Two young male dogs of pure bred cocker spaniel stock were maintained 


_ ona stock diet (17), and each was given a solution of 500 mg. of pL-trypto- 


phan-8-C'4 in 5 ml. of water containing enough hydrochloric acid to dissolve 
theamino acid. The urines were collected under toluene for 36 hours and 
then pooled and acidified with sulfuric acid. A blackish precipitate of crude 
kynurenic acid was obtained by centrifugation and clarified three times 
with charcoal in an alkaline solution, followed by acidification. The light 
vellow crystalline solid was then recrystallized twice from dilute acetic acid, 
and 150 mg. of pure kynurenic acid was obtained. 


Analysis—C, oH;O,;N. Calculated, C 63.5, H 3.7; found, C 63.2, H 3.9 


The specific activity of the ingested tryptophan was 460 counts per minute 
per mg., that of kynurenic acid, 143 counts per minute per mg. If the 
administered tryptophan had been converted directly into kynurenic acid, 
its specific activity would have been 496 counts per minute per mg. There- 


lore, it was diluted 71 per cent by the body pool of tryptophan and kynure- 
nine, 


Aynurenic Acid Degradation 


The position of the labeled carbon atom in the radioactive kynurenic acid 
*as established with considerable certainty by use of a series of reactions 
leseribed in the literature (18). Kynurenic acid when heated to 300° under- 
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goes smooth decarboxylation, and 4-hydroxyquinoline is obtained. When 
this reaction was carried out on the labeled compound, the evolved carbon 
dioxide was devoid of radioactivity, proving that the label is not in the ear- 
boxyl group. 

The kynurenic acid, (1) 20 mg., was treated for 5 hours at 55° with a solu- 
tion containing 10 mg. of potassium hydroxide and 64 mg. of potassium 
permanganate in 3 ml. of water. The manganese dioxide was removed 
by centrifugation, and the excess permanganate was decolorized by the 
addition of a few drops of sodium sulfite. The colorless solution was acidi- 
fied, and colorless needles of o-carboxyoxanilide (IIT) were obtained, which 
recrystallized from hot water to give 7.4 mg. of purified product, specific 
activity 127 counts per minute per mg. (calculated, 130). 

The tagged compound, 2.01 mg. with 30.7 mg. of carrier, was refluxed 
for } hour with 2 ml. of 2.5 ~ hydrochloric acid, 100 mg. of anhydrous eal- 
cium chloride in 2 ml. of water were added, and the solution was taken to 
pH 8 with ammonium hydroxide. The calcium oxalate was filtered, washed 
with alcohol and ether, and plated directly. Yield, 15.5 mg. (87 per cent); 
specific activity, 11.6 counts per minute per mg. (calculated, 12.2). This 
proves that the label is in the side chain of the o-carboxyoxanilide and must 
have been derived from positions 2 or 3 of the kynurenic acid. 

When heated above its melting point, o-carboxyoxanilide evolves carbon 
dioxide and carbon monoxide, and the radioactivities of these gases were de- 
termined. A mixture of 3.79 mg. of active and 42.4 mg. of carrier oxanilide 
was placed in a small flask and heated to 215°. The effluent gases were 
swept pith nitrogen through a sodium hydroxide bubbler, then through 
a tube filled with copper oxide at 600°, and finally through a second so- 
dium hydroxide bubbler. The carbon dioxide was absorbed first, and the 
carbon monoxide was oxidized to carbon dioxide in the combustion tube, 
trapped in the second bubbler, and then precipitated as barium carbonate. 
The barium carbonate derived from the evolved carbon dioxide weighed 
34.5 mg. (80 per cent corrected for the blank) and had a specific activity of 
10.6 counts per minute per mg. (calculated, 10.5). The barium carbonate 
derived from the carbon monoxide weighed 12.5 mg. (29 per cent) and was 
completely without radioactivity. This proves that only one of the two 
possible carbon atoms in the kynurenic acid was labeled. It seemed most 
likely that the carbon dioxide obtained during the decomposition of the 
o-carboxyoxanilide (If) arose from the carboxyl group, and the carbon 
monoxide from the carbonyl group. If this were true, the intermediate 
formed after the initial loss of carbon dioxide would be formylanthranilic 
acid (III), which should liberate carbon monoxide when heated. — This hy- 
pothesis was tested by the use of a synthetic sample, and a 34 per cent yield 
of carbon monoxide was obtained. This is in fair agreement with the 38 
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per cent that would be predicted on the basis of the results obtained from 
the decomposition of the o-carboxyoxanilide. Thus it is extremely prob- 
able that only the 3 position in kynurenic acid was labeled. 


~-COOH 
— 
—NHCOCOOH 
(II) 
CO; + 
—NHCHO 
(IID 
TaBLe I 
Radioactivities and Fluorometric Data 
| nicotinamide, | Total counts | activity, counts 
| | mg. 
| | | 
Tryptophan administered....... | | 1,020,000 4900 
Urine (before tryptophan feeding).......... | 42 | 0 
“ (after 450 | 7,400 
Permutit filtrate .... | 0 | 4,200 
Permutit-KCi 115 | 210 
N-Methylnicotinamide picrate.............. Carrier | 0 0 


N-Methylnicotinamide Experiment 


Three young male rats (average weight, 300 gm.) of the Department of 
Home Economics stock colony were maintained for 1 week on a nicotinic 
acid-deficient diet (19) at the 12 per cent casein level, an aqueous solution 
of 65 mg. of pL-tryptophan-8-C' was given each by stomach tube, and 
their urines were collected under toluene for 36 hours and pooled. The 
N-methylnicotinamide was isolated by the procedure of Hochberg, Melnick, 
and Oser (20) and followed fluorometrically by the method of Huff and 
Perlaweig (21). The urine was diluted with acetate buffer at pH 4.5, and 
the mixture was then passed over a permutit column. The N-methylnico- 
tinamide was then eluted with hot potassium chloride solution. Both fil- 
trate and eluate were collected. Each step was followed by fluorometric 
analysis for N-methylnicotinamide and by radioactivity measurements. 
The results are shown in Table I. To the potassium chloride eluate were 


‘ OH 
i- 
h 
|. 
to 
ed 
); 
is 
st 
yon 
de- 
ide 
rere 
| 
the 
be, 
ate. | | 
hed | 
y of | 
nate | 
was | 
two | 
most | 
the 
rbon | 
jiate | 
hy- 
yield 
ne 38 


148 TRYPTOPHAN METABOLISM. 1 


added 50 mg. of N-methylnicotinamide chloride as carrier, and the solution 
was concentrated to dryness in a vacuum. The residue was extracted sey- 
eral times with boiling 95 per cent ethanol, and the filtered extract was evap- 
orated to dryness and reextracted with ethanol. The solution was concen- 
trated to 3 ml., and several drops of a saturated solution of picric acid 
in ethanol were added. The picrate salt of N-methylnicotinamide was ob- 
tained (35 mg., m.p. 178-183°), which was recrystallized from ethanol, 
The melting point was 187—-188° and was not depressed on admixture with 
un authentic sample. A direct plate was made from 12.3 mg. of this puri- 
fied picrate, and no radioactivity could be detected even when it was placed 
in the nucleometer. If the radioactive carbon atom had been retained in 
this conversion, there would have been 414 counts per minute on the plate. 

A similar experiment was carried out in which the labeled kynurenine, 
obtained from rabbit urine, was administered to nicotinic acid-deficient 
rats. Although the N-methylnicotinamide excretion was increased from 
145 to 730 y, there was no detectable radioactivity in the picrate isolated as 
described. 

DISCUSSION 


The fact that kynurenine and kynurenic acid, isolated from the urines of 
animals that had been given labeled tryptophan, were radioactive proves 
that the conversion of the amino acid into these products had actually taken 
place. The lowered specific activities of the products indicate consider- 
able dilution of the administered dose by the body pools of tryptophan and 
the other intermediates. The demonstration that the 8-carbon atom of 
tryptophan becomes the 8-carbon of kynurenine proves that the change 
takes place by only one possible mechanism, which is indicated in the for- 
mulas, and which is identical with that previously demonstrated in 
Neurospora (9). In addition the ring closure of kynurenine to kynurenic 
acid is clearly demonstrated for the first time, as shown in the accompany- 
ing scheme. 


* 
COCH,CHCOOH 


CH,CHCOOH 


| 
NH, —NH, NH, 


Tryptophan Kynurenine 


| 
| 
| 
| 
H | 
OH 
0008 
Kynurenic acid 


OOH 


HEIDELBERGER, GULLBERG, MORGAN, AND LEPKOVSKY 149 


It is evident that the indole ring becomes oxidized, possibly through the 
intermediate of 2-hydroxytryptophan. The next product of the oxidation 
might then be formylkynurenine, which would immediately be hydrolyzed 
in the body to kynurenine. The conversion of kynurenine to kynurenic 
acid might be formulated by the oxidative deamination of the a-amino 
group in kynurenine (another example of this well known biochemical 
transformation), followed by an intramolecular condensation between the 
o-amino group and the a-keto group to give the quinoline derivative, kynu- 
renic acid. It had seemed possible that kynurenic acid might further be 
oxidized to give nicotinic acid, an attractive hypothesis because of the 
pyridine ring already present in the molecule. If this were the case, the 
nicotinic acid isolated would have been radioactive. The lack of radio- 
activity of the N-methylnicotinamide picrate shows that under the condi- 
tions of our experiments less than 0.005 per cent of the observed conversion 
could have taken place by such a mechanism. Therefore the side chain of 
tryptophan must be lost during the transformation. We have no direct evi- 
dence in these experiments for the participation of 3-hydroxyanthranilic 
acid as an intermediate, but our results are certainly compatible with such 
a mechanism. 


SUMMARY 


1, Experiments with radiocarbon prove that pL-tryptophan is converted 
into kynurenine in rabbits and kynurenie acid in dogs. 

2. The 8-carbon atom of the tryptophan becomes the 6-carbon of kynu- 
renine and the 3-carbon atom of kynurenic acid. Thus the conversion 
takes place by only one mechanism. 

3. The administered dose of tryptophan is considerably diluted by the 
body pool of this substance and other intermediates. 


4. The side chain of tryptophan is lost during its conversion into nico- 
tinic acid. 
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SAMUEL LEPKOVSKY 
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(Received for publication, January 17, 1949) 


Although the conversion of tryptophan into nicotinic acid had been 
demonstrated by numerous nutrition experiments for the past several 
years, relatively little was known about the mechanism of this change until 
the recent studies by Mitchell and Nyc (1) on mutant strains of Neurospora 
proved that 3-hydroxyanthranilic acid is a key intermediate in the meta- 
bolic sequence. That the same compound is involved in the mammalian 
conversion is indicated by the feeding experiments of Mitchell, Nyc, and 
Owen (2), who reported that it could maintain growth of rats on a nicotinic 
acid-deficient diet, and by Albert, Scheer, and Deuel (3) who found an in- 
creased excretion of N-methylnicotinamide by rats fed this substance. In 
the isotopic experiments (4) the fact that the labeled B-carbon atom of 
tryptophan did not appear in the nicotinic acid proved that the side chain 
is lost in the transformation, and this observation is also consistent with 
the existence of 3-hydroxyanthranilic acid as an intermediate. However, 
since we had not demonstrated by tracer experiments the conversion of 
tryptophan into nicotinic acid, a differently labeled tryptophan-3-C' was 
synthesized (5) so that this point might be proved. It was also hoped 
that further light might be shed on the rather obscure mechanism of the 
transformation of 3-hydroxyanthranilic acid into nicotinic acid. 

We wish to thank Dr. A. F. Morgan for her generosity in making the 
facilities of her laboratory available for these investigations. We are grate- 


* This paper is based on work performed under contract No. W-7405-eng-48 with 
the Atomic Energy Commission in connection with the Radiation Laboratory, Uni- 
versity of California, Berkeley. We are also indebted to the Rockefeller Founda- 
tion for support. 


t Present address, McArdle Memorial Laboratory, Medical School, University 
of Wisconsin, Madison. 


} On leave from the Sir William Dunn School of Pathology, University of Oxford, 
England. 
‘In the preliminary account of this work (6), the asterisk in the tryptophan 


formula was incorrectly represented as being over the 8- instead of the 3-carbon 
atom. 
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ful to Mrs. Olga Nave, Mrs. Martha Kirk, and Mrs. Yvonne Stone for 
technical assistance, and deeply indebted to Mrs. Mary E. Gullberg and 
Miss Dorothea Maybee who generously volunteered their services for 
these experiments. 


TABLe I 
Fluorometric Data 


| N-Methylnicotinamide 
| total 


Tas» II 


Radioactivities 


Specific activity, counts 


| Total counts per min. per mg. 
per min. ‘ 
| Found Calculated 

Tryptophan administered.................... 620,000 2740 
N-Methylnicotinamide picrate....... ..... 0.75 3.5° 
Barium carbonate from nicotinic acid de- | | 


* This figure is calculated as follows. Assuming the direct conversion of the ad- 
ministered dose and the specific activity of tryptophan to be equal to 2.74 counts per 
minute per microgram, then the specific activity of N-methylnicotinamide chloride 
would be 3.25 counts per minute per microgram. Since there were 1757 in the eluate, 
there would be 3.25 175 = 570 counts per minute total. Now,76mg. of carrier were 
added, so that the specific activity of the N-methylnicotinamide chloride would be 
7.5 counts per minute per mg., which is equivalent to 3.5 counts per minute per mg. 
of the picrate. Thus, there was a 5-fold dilution by the body pools of tryptophan 
and nicotinic acid (and the various intermediates) in this experiment. 


EXPERIMENTAL 


Three young, male rats were fed for a week with a 12 per cent casein- 
niacin-deficient diet (7) and were then each given by stomach tube a solu- 
tion of 75 mg. of pL-tryptophan-3-C'* in 2 ml. of water. The urines were 
collected under toluene for36 hours and pooled. The N-methylnicotinamide 
was determined fluorometrically (8) throughout the experiment, and the 
results are indicated in Table I. The radioactivities were also followed, and 
these results are shown in Table II. These measurements were carried 


or 
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or 
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out with an internal proportional counter (nucleometer) by means of the 
direct plating technique (9). The N-methylnicotinamide isolation was 
carried out according to a known procedure (10). 

The urine (16 ml.) was collected; 14 ml. were diluted to 50 ml. with 
acetate buffer at pH 4.4 and passed through a permutit column. Fluoro- 
metric analysis indicated that no N-methy!lnicotinamide was present in 
the filtrate. The compound was eluted from the column by washing with 
15 ml. of hot 25 per cent potassium chloride, followed by 125 ml. of water. 
Carrier N-methy!nicotinamide chloride (76 mg.) was added to the eluate, 
and the mixture was evaporated to dryness ina vacuum. The residue was 
extracted with three 50 ml. portions of 95 per cent ethanol, and the extract 
again evaporated to dryness. The residue was then reextracted with 95 
per cent ethanol and centrifuged clear. After addition of a solution of 
picric acid in ethanol to the extract, a precipitate of the picrate of N-methyl- 
nicotinamide was obtained, which was recrystallized twice from 90 per 
cent ethanol. ‘The purified picrate, 106 mg., m.p. 187-188°, gave no de- 
pression of the melting point on admixture with an authentic sample. 

The radioactive picrate, 105 mg., was converted into the corresponding 
chloride by solution in dilute hydrochloric acid, followed by extraction of 
the free picric acid with ether. The N-methylnicotinamide chloride was 
heated with 1.5 ml. of concentrated hydrochloric acid in a sealed tube for 
27 hours at 250°. The resulting solution was evaporated to dryness, the 
residue was dissolved in 3 ml. of water, and the solution was made slightly 
alkaline with sodium hydroxide. This solution was then boiled until the 
evolution of ammonia ceased, neutralized, and mixed, while hot, with 60 
mg. of copper sulfate in 0.5 ml. of water. The mixture was cooled, and the 
copper salt of nicotinic acid was filtered and washed with cold water. The 
salt was suspended in 5 ml. of water, and decomposed with hydrogen sul- 
fide. Evaporation of the solution gave 35 mg. of nicotinic acid, m.p. 


CH,CHCOOH 
——> 
NH. NH, 


Tryptophan Kynurenine 
\\—CooH \\—Conna, 
N 
OH 


3-Hydroxyanthranilic acid Nicotinic acid N-Methylnicotinamide 
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218-220° (uncorrected). This melting point was not raised by recrystalli- 
zation of the compound from moist butanol, nor was it depressed on admix- 
ture of an authentic sample of nicotinic acid. 

The radioactive nicotinic acid, 13.4 mg., was heated with quinoline and 
copper-chromite catalyst (11) to 285°. The carbon dioxide resulting from 
the decarboxylation was swept with pure nitrogen into a bubbler contain- 
ing sodium hydroxide and was then precipitated as barium carbonate. 
The specific activity of the barium carbonate indicates that the entire 
radioactivity of the nicotinic acid was present in the carboxyl group. 


DISCUSSION 


These tracer experiments together with the ones with tryptophan-s-C™ 
(4) prove that the conversion of tryptophan into nicotinic acid in the in- 
tact mammal takes place by a mechanism identical to that already demon- 
strated to occur in Neurospora. — 

The conversion of tryptophan into kynurenine had been demonstrated, 
and evidence is presented in the preceding paper that this occurs directly 
and by only one mechanism. Now it has been shown that carbon atom 3 
in the indole ring of tryptophan becomes the carboxyl carbon of nicotinic 
acid. (Throughout this work we have referred to nicotinic acid as the end- 
product of this sequence of reactions, although we have in all cases isolated 
N-methylnicotinamide. Hundley and Bond (12) have shown in experi- 
ments with C™ that nicotinic acid is excreted almost quantitatively as its 
N-methyl amide.) Although we have no direct evidence for the formation 
of 3-hydroxyanthranilic acid in these experiments, our results are consistent 
with its participation in the metabolic sequence and there can be little 
doubt from the work of others that it is an intermediate. 

It is clear that the tagged indole 3-carbon atom is the precursor of the 
carboxyl carbon of the hydroxyanthranilic acid, so that it has now been 
demonstrated that the carboxy! group of hvdroxyanthranilic acid becomes 
the carboxyl group of nicotinic acid. Although the exact mechanism of 
this conversion of a benzene into a pyridine derivative still remains to be 
elucidated, this observation should be of some importance in the final solu- 
tion of the problem. It seems rather likely that the benzene ring opens, 
carbon atom 3 which carried the hydroxy! group is lost, and that ring closure 
is effected somehow between carbon atom 2 and the nitrogen atom. How- 
ever, the details of these reactions remain to be ascertained. 


SUMMARY 


1. The conversion of tryptophan into nicotinic acid in the rat has beet 
established with certainty by isotopic experiments. 
2. The mechanism of this change is identical with that previously show? 


shown 
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for Neurospora and consists of a sequence in which the principal compounds 
are tryptophan, kynurenine, 3-hydroxyanthranilic acid, and nicotinic acid. 


3. Carbon atom 3 in the indole ring of tryptophan, the precursor of the 


carboxyl carbon atom of the 3-hydroxyanthranilie acid, becomes the car- 
boxyl carbon atom of the nicotinie acid. 


G bo 


So 


BIBLIOGRAPHY 


. Mitchell, H. K., and Nye, J. F., Proc. Nat. Acad. Sc., 34, 1 (1948). Nye, J. F., 


and Mitchell, H. K., J. Am. Chem. Soc., 70, 1847 (1948). 


. Mitchell, H. K., Nye, J. F., and Owen, R. D., J. Biol. Chem., 176, 433 (1948). 
. Albert, P. W., Scheer, B. ‘T., and Deuel, H. J., Jr., J. Biol. Chem., 175, 479 (1948). 
. Heidelberger, C., Gullberg, M. E., Morgan, A. F., and Lepkovsky, 8., J. Biol. 


Chem., 179, 143 (1949). 


. Heidelberger, C., /. Biol. Chem., 179, 139 (1949). 
. Heidelberger, C., Abraham, EF. P., and Lepkovsky, 8., J. Biol. Chem., 176, 1461 


(1948). 


. Hundley, J. M., J. Nutr., 34, 253 (1947). 
. Huff, J. W., and Perlzweig, W. A., J. Biol. Chem., 167, 157 (1947) 


. Heidelberger, C., Kirk, M. R., and Perkins, M. S., Cancer, 1, 263 (1948). 

. Hochberg, M., Melnick, D., and Oser, B. L., J. Biol. Chem., 158, 265 (1945). 
. Lazier, W. A., and Arnold, H. R., Org. Syntheses, coll. 2, 142 (1943). 

. Hundley, J. M., and Bond, H. W., J. Biol. Chem., 173, 513 (1948). 


1- 
1d 
n- 
ire 
(“14 
in- 
ed, 
tly 
m 3 
inic 
nd- 
ated 
its 
tion | 
tent | 
jittle 
f the 
been | 
omes | 
m of 
to be 
solu- 
pens, 
josure 
How- 
beet 


| 
| 
| 


A FLUOROMETRIC METHOD FOR THE DETERMINATION OF 
THE 6-PYRIDONE OF N!-METHYLNICOTINAMIDE 
IN URINE* 


By FRED ROSEN,t WILLIAM A. PERLZWEIG, ano IRWIN G. LEDER 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, January 10, 1949) 


Since Knox and Grossman demonstrated the excretion by man of the 
§-pyridone of N'-methylnicotinamide (hereafter referred to as the pyri- 
done) in appreciable amounts after the ingestion of nicotinamide (2), it be- 
eame necessary to devise a method for its quantitative estimation in urine. 
Knox and Grossman isolated the compound from human urine and de- 
sribed its properties, including its ultraviolet absorption spectrum. They 
found that this metabolite did not yield a fluorescent derivative under the 
conditions employed for the determination of N'-methylnicotinamide (3); 

_ nor could it be determined microbiologically with the use of the custom- 
ary organisms. 
| The above observation by Knox and Grossman was confirmed that the 
condensation reaction with acetone in an aqueous alkaline medium which 
yields a fluorescent product with N'-methylnicotinamide and the pyri- 
done nucleotides (3) did not yield a fluorescent compound with the pyri- 
done. It was soon found, however, that a fluorescent compound could be 
obtained by agitating the pyridone in acetone solution with KOH in the 
presence of a minimal amount of water. With the applicability of this 
reaction to analytical purposes in pure solutions of the pyridone estab- 
ished, it was then necessary to find a method of separation and purifica- 
| tion of relatively small amounts of the pyridone present in normal human 
wine which would yield reasonable recovery and blank values. This 
proved to be extremely difficult. The usual adsorption and elution tech- 
uiques either were altogether inapplicable o: gave variably low recovery 
values. The final resolution of this difficulty was found in two steps: the 
moval of pigments and of other interfering substances in urine with lead 


*This investigation was aided by grants from the United States Public Health 
Service, the Nutrition Foundation, Inc., the John and Mary R. Markle Foundation, 
tad the Duke University Research Council. A preliminary report was presented at 
the meetings of the Federation of American Societies for Experimental Biology, 
Atlantie City, 1948 (1). 

— Foundation, Inc., Fellow. The data of this paper are taken from 

the dissertation for the degree of Doctor of Philosophy to be submitted by F. 
Rosen to Duke University, 1949. 
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subacetate and the extraction of the pyridone from the filtrate, saturated 
with KeCO;, with ether. This method of separation and extraction also 
permits the estimation of the pyridone spectrophotometrically.' 


~$ 24/40 | 
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Fig. 1. Suction-separator tube 


Methods 


A pparatus— 

Suction-separator tube shown in Fig. 1. ‘The glass joint may be replaced 
by neoprene stoppers which have been tested and shuwn to contribute ne 
fluorescent material to the ether extract. For equal evaporation of the 
ether in all the tubes, the opening at the tip of the separator should be 
approximately 0.25 mm. in diameter. 


1 The authors acknowledge their indebtedness to Dr. W. E. Knox and Dr. K.L 
Pines for communicating certain details of their preliminary procedure for the separs 
tion of the pyridone in urine by adsorption on Lloyd’s reagent, followed by elutiot | 3 
and spectrophotometric estimation. 
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92 X 150 mm. glass-stoppered test-tubes, obtained from the Scientifie 
Glass Apparatus Company, Bloomfield, New Jersey. 

Fluorometer cuvettes. A set of calibrated Pyrex test-tubes is selected for 
the Coleman (18 & 150 mm.) and Farrand (10 & 75 mm.) fluorometers. 
The tubes are calibrated with an appropriate solution of quinine sulfate 
in the sensitivity range to be used. 

0.1 ml. micro pipette graduated in 0.01 ml. The tip of the pipette is 
constricted slightly and then bent at a 45° angle to facilitate the addition 
of the 12 N KOH. = It is advisable to attach a piece of rubber tubing to the 
mouth of the pipette when the strong alkali is being drawn up. 

Test-tube racks to hold forty to 50 tubes. Such racks may be home- 
made from 1? inch wood boards through which holes of uniform diameter 
are drilled. A smooth piece of thin plywood is nailed on to provide the 


bottom. For the 10 mm. Farrand cuvette tubes the holes should be 15 
- mm. in diameter and so spaced as to prevent the tubes touching each other 


placed 


yute ne 


ould be 


when shaken. Rubber-plated metal serological Kahn tube racks, Sargent 
ratalogue No. S8-7935, can be conveniently used for this purpose. Care 
must be taken to provide uniform shaking to all tubes in any single run, 
und also to prevent the scratching of the surface of the tubes by abrasion 
mn the rack. 

Shaking machine. For this procedure we have employed a Kahn shaker 
vhich makes about 280 excursions per minute (A. S. Aloe Company, cat- 
ilogue No. 14680). 

Parafilm.? 

Photofluorometers. This method was developed largely with the use of 
the new type of sensitive fluorometer described by: Lowry (4) and manu- 
lactured by the Farrand Optical Company. ‘This instrument is based on 
the use of a multiplier phototube, and is capable of measuring fluorescence 
wer a very wide range of sensitivity with a hitherto unobtainable degree 
if stability of readings. The method was also adapted for use with the 
Coleman model 12A and the Lumetron (Photovolt Corporation) fluorom- 
eters, as described in the text below. 

Reagents— 

Saturated lead subacetate solution (6 gm. made to 100 ml. with water) 
prepared from Merck’s reagent grade, “suitable for sugar analysis, by 
W. D. Horne’s method’’). 

12 n potassium hydroxide solution; U.S. P. andreagent grades were found 
‘atisfactory. 


*Parafilm is obtainable from the Will Corporation, Rochester, New York, or the 
Southern Scientific Company, Atlanta, Georgia. The tubes may also be capped with 
pieces of ordinary wax paper reinforced with adhesive tape and fastened to the tubes 
mith rings cut from rubber tubing. 


| 
| 
KL 
e separs 


160 6-PYRIDONE-N!-METHYLNICOTINAMIDE METHOD 


Acetone, rendered free from fluorescent material by distillation over 
KMnQ, and stored over anhydrous Na2SQ, in a brown bottle. 

Ether. Impurities removed from commercial ether by washing once 
with a dilute solution of FeSO, and twice with water before distilling a few 
days supply. 

Standard pyridone solution containing 300 y per ml., made by dissolving 
15 mg. of the pyridone’ in 50 ml. of redistilled acetone. To prevent g 
change in concentration by the evaporation of acetone, it was found desir- 
able to store the solution in a desiccator containing an open layer of ace- 
tone. This solution is stable for at least 6 weeks if kept in a cool room. 
Working standard solutions for the various fluorometers are prepared by 
diluting an appropriate amount of the stock standard to a given volume 
with acetone. 

Quinine solution for standardization of fluorometers. Stock solution, 0.1 
mg. per ml. of quinine sulfate in 0.1 N H2SO,. Working standard solu- 
tion, 0.3 y of quinine sulfate per ml. in 0.1 N H.SO,. For standardizing 
the Farrand (aperture No. 6) and Coleman fluorometers, 0.02 and 0.06 y 
of quinine sulfate per ml. in 0.1 N H2SO,, respectively, are prepared fresh 
for daily use. All quinine solutions are kept in the dark. 


Procedure 


For use with the Farrand fluorometer, an aliquot of urine estimated to | 

contain from 20 to 50 y of the pyridone (e.g., 2 to 4 ml. of anormal human | 
urine) is neutralized to pH 6.5 to 7.5 and decolorized with a saturated 
solution of lead subacetate. To remove the pigments of human urine of 
specific gravity 1.028 or less, 1.3 volumes of the saturated lead subacetate — 
solution to 1 volume of urine are required. For more concentrated urines, 
a ratio of 1.7:1 has been found adequate. When the concentration of pyri- | 
done is very low, 8 ml. of undiluted urine may be treated directly with © 
about 250 mg. of solid lead subacetate. The total volume is brought to | 
8 ml. with water, shaken briefly, and filtered (Whatman No. 30) or centri- 
fuged; 3.00 ml. of the filtrate are transferred to a 22 X 150 mm. glass- 
stoppered test-tube, 4 gm. of powdered K:CO; are added, and the tube 
shaken to saturate the solution. 

The saturated solution is extracted consecutively with four 10 ml. por — 
tions of washed and redistilled ether. For each extraction, the tube is | 
tightly stoppered and shaken for 30 seconds. After a brief centrifugation 


? The 6-pyridone used in this study was synthesized by the recent method of Huf 
(5). The authors are indebted to Dr. J. W. Huff, of the Medical Research Division, 
Sharp and Dohme, Inc., Glenolden, Pennsylvania, for supplying samples of this 
product for use in this study. 
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(20 seconds at moderate speed),‘ the ether layer is carefully removed with 
gentile suction into dry glass-stoppered receivers (see Fig. 1), which are 
immersed in warm water (40°) in 8 ounce bottles. If the suction is main- 
tained during the period of extraction and the water in the bottles kept 
warm, the ether will usually be evaporated within 10 minutes after the 
last extraction. 

A separate sample of urine to which 75 y of pyridone have been added is 
treated in like fashion and serves to provide an internal standard. The 
75 y of pyridone contained in 1.0 ml. of acetone are added to a dry test-tube 
and the acetone completely evaporated with warming, in an air current 
provided by suction, before the addition of the urine. If acetone is pres- 
ent in the lead filtrate, a significant amount of fluorescent material will be 
extracted by the ether and the blank values will be extremely high. 

After evaporation of the ether in the air current, the residue in the bot- 
tom should appear completely dry. If a noticeable amount of water per- 
sists, this indicates contamination with the aqueous phase, and the ether 
extraction should be repeated on another aliquot of the lead filtrate. To 
the dry residue in the tubes are added 10.0 ml. of dry acetone and a pinch 
of anhydrous Na,SO,. Into a series of fluorometer cuvettes (10 X 75 
mm. tubes), carefully cleaned and dried by draining after rinsing with re- 
distilled acetone, are measured 0.50 ml. aliquots of the above acetone solu- 
tions. To each tube are added, serially, 0.20 ml. of acetone and 0.010 ml. 
of 12n KOH. ‘The latter is added with utmost care by resting the curved 
tip of the pipette against the wall of the test-tube about 5 mm. above the 
surface of the acetone. The tubes are covered with a tight fitting cap 
made from a square piece of Parafilm.2 The urine blank is obtained by 
adding 1.00 ml. of water to a tube prepared as above. Two reagent blanks 
are prepared as follows: Into each of two tubes are measured 0.70 ml. of 
dry acetone and 0.01 ml. of 12N KOH. To one, 1.0 ml. of H2O is added 
at once, the contents thoroughly mixed, and the tube permitted to stand 
along with the above urine blank tube without shaking. The second tube 
is capped and shaken along with the others, as described in the next para- 
graph. The use of these blanks will be explained in detail below. 

The tubes are placed in a rack and shaken for 1 hour at 23° + 2°. While 
at temperatures above 23° the fluorescence of the pyridone-acetone com- 
pound is increased, there is a simultaneous rise in the reagent blank which 
may cancel the advantage gained. Special care must be taken to avoid 
overheating all or some of the tubes by proximity to the motor of the shaker 


‘The centrifugation of the glass-stoppered tubes accomplished either in a No. 2 
International centrifuge equipped with 100 ml. tube shields or in a No. 1 centrifuge 
equipped with an angle head to hold 100 ml. shields. 


g 

a 
ir- 
m. 
by 
me 
0.1 
ing 

Y 
esh 

to 
man 
ated 
of 
tate 
ines, 
pyni- 
with 
nt to 
entri- 
ylass- 
tube 
por- 
be is | 
ration 
of Huff 
vision, 

| 


162 6-PYRIDONE-N!'-METHYLNICOTINA MIDE METHOD 


or to other sources of heat. This is best controlled by attaching thermom- 
eters to two ends of the rack holding the tubes. 

To all the tubes that were shaken 1.0 ml. of water is added and the con- 
tents mixed at once. ‘The urine blank and the reagent blank tubes, which 
were previously made up to 1.7 mil., are used without further dilution. 
The tubes are read in the Farrand fluorometer fitted with thiamine 
filters. A standard quinine solution containing 0.02 y per ml. is used to 
set the fluorometer at the desired sensitivity (at 15 to 50 divisions on the 
galvanometer). 

Example of Determination -~A normal human 24 hour urine, volume 1000 
mil., of specific gravity LOIS. Taken for analysis, 3.00 ml. are diluted to 
8.00 ml. with 4.00 ml. of lead subacetate and 1.00 ml. of water; 3.00 ml. 
of filtrate are saturated with KeCO, extracted with ether and evaporated: 
the residue is taken up in 10.0 ml. of acetone; 0.5 ml. of acetone solution is 
taken for analysis, containing 0.5/10 K 3 XK 3.8 = 0.056 ml. of the 
original urine. 

The agreement of actual values obtained with triplicate aliquots from 
the same acetone extract of a urine, and of the same urine with added 
pvridone (recovery), is shown in Table I. 

These data were obtained on two complete analyses of a normal human 
urine carried out on separate days, in each of which one sample of urine, 
with and without added pyridone, was subjected to the entire procedure. 

It will be noted that within each of these determinations triplicate analy- 
ses of the same acetone extract and duplicate blank analyses agree within 
0 to 1.0 galvanometer divisions. On the other hand the readings obtained 
in separate analyses on the various phases of the procedure (7.¢., urine, 
urine + pyridone, urine and reagent blanks) may diverge quite widely, 
and yet, as the calculations show, yield final values which agree reasonably 
well. This is due to the compensating effect of the various blank values 
and demonstrates the necessity for the use of the internal standard and of 
the four blank determinations with each analysis. The differences in the 
readings obtained in the separate analyses may be due to several factors, 
such as incomplete or excessive drying of the ether residues, contamuna- 
tion with external impurities from the air or from the aqueous phase i 
the separation of the ether, differences in the reagents, or in temperature, 
and humidity changes. 

Other analyses repeated on the same urines on different days yielded the 
following results, in mg. per 24 hours (the higher values were obtained 
after ingestion of large amounts of nicotinamide): 5.4, 5.9; 9.2, 9.5; 221, 
194; 282, 274; and 337, 356. 

On the basis of the above considerations it may be recommended that, 
after the initial period of practice, urine analyses be carried out on single 


} 
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TABLE I 
Values Obtained with Triplicate Aliquots from Urine 
| 
Galva- Galva- 
to mometer® Average Average 
visions visi 
.o mi. urine rate | 26 
00 2 0.5 26.5 | 25.5 
3 27 | 26.5 | 25.5 25.7 
H,0 | 
ad: 5 0.5 ml. urine filtrate + 1.0ml.| 14 14 12 12 
Lis | | 
the 6 0.5 ml. urine filtrate + 1.4 4 51.5 | | 46.5 
pyridone | 
7 0.5 ml. urine filtrate + 1.4 y 52 16.5 
pyridone | | 
led § 0.5 ml. urine filtrate + 1.47 51.5 | 51.7), 47 16.6 
pyridone | | 
nan 9 0.5 ml. urine filtrate + 1.4 y | 16 | | 12 
tae pyridone + 1.0 ml. H,O | | | 
0.5 ml. urine filtrate + 1.4y 16 | 16 
= | pyridone + 1.0 ml. H,O | | | 
aly- ll 1.0 ml. acetone | 
: *Galvanometer of Farrand fluorometer, set at 30 divisions with 0.02 y per ml. 
dely 
bi of quinine sulfate standard. 
alues Calculations 
nd of | Analysis on December 19, 1948 
n the 1.5 — 16) — (26.5 — 14) = 28 divisions for 1.4 y of added pyridone 
CLOTS, - = 16.5 divisions for 1.0 y pyridone 
ner 7-3 = 4 divisions due to acetone + KOH product 
ase in 45 — 14 — 4 = 8.5 divisions due to pyridone in 0.056 ml. of urine 
ature, 8.5 1000 


ibs x 0.056 ~ 9.2 mg. of pyridone in 24 hour urine 


ed the Analysis on December 21, 1948 
tained | “6.5 — 12) — (25.5 — 12) = 21 divisions for 1.4 y pyridone 


21 
221, 15 divisions for 1.0 y pyridone 


§- 2.5 = 5.5 divisions due to acetone + KOH product 

ry ~ 12 — 5.5 = 8 divisious due to pyridone in 0.056 ml. of urine 
1 

_ single m7 x cos = 9.5 mg. of pyridone in 24 hour urine 
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samples with and without added pyridone (internal standard). The re. 
covery value for the internal standard should furnish the criterion as to the 
reliability of the results; recovery values below 75 per cent of the theoreti. 
cal indicate the desirability of repeating the analysis. In this connection 
it may be desirable to include at frequent intervals a duplicate pair of tubes 
containing an appropriate amount of the standard solution and of its water 
blank. 

Modification for Coleman Model 12A Fluorometer—An aliquot of urine 
— containing 50 to 100 + of pyridone is treated, as described above, with lead, 
extracted with ether, evaporated, and the residue dissolved in 10 ml, of 
acetone. Into cuvettes (18 X 150 mm. test-tubes) are then measured 
1.00 ml. of the acetone solution (containing 2 to 4 y of pyridone) and 0.0] 
ml. of 12 n KOH, the tubes are capped, and the reaction mixture shaken 
for 1 hour at 23° + 2°. All urine blanks are obtained by adding 1.0 nl. 
of water to the appropriate tubes and the reagent blank prepared with 1.0 
ml. of acetone. After shaking, the tubes are diluted to a total volume of 
8 ml. with 5 ml. of redistilled acetone and 2 ml. of water. The fluorescent 
compound is measured in the fluorometer standardized at 100 galvanom- 
eter divisions with a solution of quinine sulfate (0.06 y per ml.). For 
the internal standard (recovery) the same procedure is followed simul- 


taneously for another sample of urine to which 75 7 of the standard pyri- | _ 


done had been added. 

Use of Lumetron Fluorometer (Model EF2)—This instrument is consider- 
ably less sensitive than the others and employs an adapter for 22 mm. 
test-tubes as cuvettes and the galvanometer as a direct reading instrument. 
It was found that 20 to 50 y of the pyridone present in 13 ml. of the final 
solution were required for reproducible results. Such amounts may be 
easily obtained by appropriate dilutions of human urines after doses of 
niacin, but are not obtainable with normal control urines, unless consider- 
ably larger amounts are extracted. 

The reaction mixture consists of 1.0 ml. of the acetone filtrate (dry 
residue from ether may be dissolved in 5 ml. of acetone) and 0.01 ml. of 12 
n KOH. Urine blanks are prepared with 1.0 ml. of water. In the sensi- 
tivity range measured by the Lumetron, the acetone reagent blank is zero 
and may be omitted after initial checking. To increase further the fluor- 
escence of the pyridone-acetone compound for use with this fluorometer, 
the tubes are shaken for 1} hours (or longer) and then diluted to 13 ml. 
(minimal volume required for the test-tube adapter) with 7 ml. of acetone 
and 5 ml. of water. 

The technique above for the isolation of the pyridone from urine by 
means of ether extraction from a lead subacetate filtrate lends itself advan- 
tageously to the spectrophotometric estimation of the substance. The res 
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due, after the evaporation of the ether, is dissolved in a measured amount 
of water to yield 3 to 10 y of pyridone per ml. for measurement in the Beck- 
man spectrophotometer, 2.5 ml. being required to fill the quartz cuvette. 
By utilizing the data of Knox and Grossman (2) readings are taken at 265 
and 290 mu. The absorption maximum at 265 my is much greater (X 
2.5) than that at 290 mu. On the other hand, many of the biologically 
important organic bases have high absorption values in the vicinity of 265 
my and very low values near 290 my; this is particularly true of purines, 
pyrimidines, riboflavin, and pyridoxine, as well as of the other known deriv- 
atives of niacin. In view of this fact, it was gratifying to find that val- 
ues obtained for the pyridone content of urines calculated from the read- 
ings at 265 and 290 my agreed remarkably well, as shown in Table II. 
This would indicate that the method of isolation employed in the procedure 
excludes fairly well the organic bases mentioned above normally present 
in urine. 


TaB_e II 
Comparison of 6-Pyridone Values Measured with Different Fluorometers and 
Beckman Spectrophotometer 
The values are recorded as mg. in a 24 hour urine. 


trophotometer 
Urine | Farrand | Coleman model Lumetron 
| | 290 my | 26S mu 
| 
F 280 266 276 | 337 
G 


In Table II a few figures are shown comparing the results obtained on 
three 24 hour human urines, collected after the administration of 500 mg. 
oral doses of nicotinamide, when analyzed fluorometrically by using three 
types of fluorometer, and also spectrophotometrically. While the fluor- 
ometric results agree very well, the spectrophotometric figures are consid- 
erably higher. Since the absorption maxima of the free acid and the amide 
of the pyridone appear to be identical, whereas the fluorometric data in- 
clude the amide only, the possibility of the presence of small amounts of 
the free acid should be considered. The other reasons for this discrep- 
ancy are not apparent and are being studied further. It should be noted, 
however, that attempts to obtain a satisfactory blank value for the spec- 
trophotometric analysis were unsuccessful, and the values given in Table 
II were obtained by subtracting the absorption readings for similarly di- 
luted and treated urines collected during the control periods from the same 
subjects. In the absence of a satisfactory method for determining the 
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blank value, it is obvious that the spectrophotometric technique is not 
suitable for the analysis of normal control urines. | 


DISCUSSION 


Preliminary studies showed that the proposed procedure involving treat- 
ment with lead and extraction with ether from a saturated KCO, filtrate, 
when applied to solutions of the pure (synthetic) pyridone in water or jn 
“artificial urine,” yielded extracts containing 90 to 100 per cent of the 
pyridone, as tested fluorometrically and spectrophotometrically. Soly- 
tions containing relatively large amounts of N'!-methylnicotinamide and 
the pyridone, when treated with lead and extracted with ether, gave the 
expected fluorescence values for the pyridone only, and tests employing 
the specific reaction for N'-methylnicotinamide indicated its absence. 
This demonstrated the complete separation of N'-methylnicotinamide and 
of its pyridone by the isolation procedure. It should be noted, however, 
that the acetone-KOH agitation reaction cannot be applied to a mixture 
of these two niacin derivatives, for under these conditions the N'-methyl- 
nicotinamide yields a yellow compound which quenches the fluorescence 
of the pyridone compound, and on dilution with water yields the fluor- 
escent condensation product described by Huff (6). 

The choice of the alkali for the reaction with acetone was found to be 
restricted to KOH. Attempts to use NaOH, LiOH, and other strong metal 
and organic bases proved to be entirely ineffective. In the case of the 
metal bases this was shown to be due to the insufficient solubility of all 
but the KOH in anhydrous acetone. Even with the latter the solubility 
is so low that the yield of the fluorescent compound was very low and 
variable until the continuous shaking of the reaction mixture was adopted. 

Any constant volume of 12 n KOH from 0.01 to 0.02 ml. for 0.7 to 1.0 
ml. of acetone solution is satisfactory for this analysis, but extreme care 
must be taken to add the alkali accurately. The variation in the size of 
the individual drops, when delivered from a dropper or hypodermic needle 
attached to a syringe, made it necessary to use a micro pipette for adding 
the KOH. Good duplicate values and high fluorescence are obtained with 
0.01 ml. of 12 n KOH. Larger amounts of 12 xn KOH introduce more 
water into the reaction mixture and consequently there is a decrease in 
fluorescence. With smaller volumes of KOH, the reagent blank 1s con- 
siderably increased and the results erratic because of the inherent diff- 
culty of measuring the smaller volumes of 12 nN KOH with sufficient ac- 
curacy. 

Because the intensity of fluorescence of the pyridone-acetone compound 
is very much less than that of the N'-methylnicotinamide derivative, the 
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fuorometric determination of small amounts of the former is correspond- 
ingly less accurate. Thus while the lower values in the range of 2.5 to 12 
mg. of pyridone, found in a group of normal subjects, may not be closer 
than 15 to 30 per cent of the actual values, the higher ones, as shown in 


/ some examples of duplicate analyses quoted above, are within 5 to 10 per 


cent. 

The necessity for the scrupulous exclusion of water other than that of 
the KOH solution during the reaction with acetone has been already em- 
phasized. It is for this purpose that anhydrous NagSQO, is used in the ace- 
tone reagent and in the preparation of the acetone solution for analysis. 

The treatment with lead subacetate was introduced primarily for the 
dearing of normal control urines containing low amounts of the pyridone; 
it may possibly be omitted in the analvsis of urines containing large 
amounts of pyridone. 

Analyses of urines preserved with toluene and acidified to pH 3 to 4, 
which were kept in the retrigerator for as long as 2 months, showed that 
the pyridone content is unaffected. 

The above procedure was applied successfully for the determination of 
the pyridone in human urines from normal subjects on ordinary diets and 
after oral doses of nicotinamide, and also in the urines of rats, dogs, rab- 
bits, guinea pigs, and of Herbivora (7). 

A trained analyst can complete the analyses of four urine samples by the 
fuorometric procedure in | day. 

The chemical nature of the fluorescent product resulting from the re- 
action of the 6-pyridone ot N'-methyvinicotinamide with acetone in the 
presence of alkali remains to be determined. The fact that this product is 
formed by the amide, but not by the free acid, suggests the possibility of 
aring condensation product analogous to that described for N'-methyl- 
nicotinamide (6). This aspect is being investigated. 


SUMMARY 


A fluorometric method for the determination of the 6-pyridone of N?- 
methyInicotinamide in urine is described. It consists of clearing the urine 
with basic lead subacetate, extraction of the pyridone with ether from the 
ead filtrate saturated with KyCO,, evaporation of the ether and dissolving 
the residue in acetone, shaking of the acetone solution with a small amount 
of concentrated KOH, and fluorometric estimation of the resulting product. 
The pyridone can also be estimated speetrophotometrically in an aqueous 
solution of the residue after the evaporation of the ether extract. 
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OROTIC ACID AS A PRECURSOR OF PYRIMIDINES 
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It was demonstrated by Richardson in 1936 (1) that uracil and guanine 
were essential for the growth of certain bacteria. Later several investi- 
gators found that purines and pyrimidines and corresponding nucleotides 
are of importance for the metabolism of different microorganisms. Snell 
and Mitchell (2) established the fact that guanine, adenine, uracil, and 
thymine may be limiting factors of growth for lactic acid bacteria. 

In 1944 Loring and Pierce (3), working with pyrimidine-deficient mu- 
tants of Neurospora, found that orotic acid (uracil-4-carboxylic acid) and 
uracil had about the same growth-promoting effect, but that uridine 
and uridylic acid were 10 to 60 times more active. Simultaneously Rogers 
(4) reported that the growth of certain streptococci was stimulated to an 
equal degree by uracil and orotic acid, and Chattaway (5) observed that 
orotic acid was the only pyrimidine derivative that could replace the effect 
of liver extract on Lactobacillus casei e. 

These results indicated that orotic acid might be an intermediate in 
pyrimidine metabolism. Mitchell and Houlahan (6) proposed that oxal- 
acetic, aminofumaric, and orotic acids may be intermediates in the syn- 
thesis of uridine and that the coupling with ribose occurred prior to the 
formation of the pyrimidine ring. | 

Orotic acid was discovered in milk in 1905 by Biscaro and Belloni (7). 
Recently it has been found to be produced in large amounts by certain 
Neurospora mutants. Genetic analysis of these strains led Mitchell, 
Houlahan, and Nyc (8) to the conclusion that orotic acid is not a normal 
intermediate in the biosynthesis of pyrimidines in Neurospora but is 
formed as a by-product in a side reaction. The occurrence in milk might 
be interpreted in a similar way. 

In order to investigate this problem in animals, we have administered 
orotic acid containing N™ to rats. 
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EXPERIMENTAL 


Orotic acid was synthesized according to Nye and Mitchell (9) from 
aspartic acid containing about 12 atom per cent excess of NN”. The 
isotope is thus in the 3 position and the over-all excess N' in the com- 
pound was found to be 6.06 per cent. 

Two albino rats were each given 12.5 mg. of orotic acid per 100 gm. of 
body weight subcutaneously twice a day for 3 days. They were killed 12 
hours after the last injection. 

The polynucleotides were prepared from the pooled livers, pentose 
nucleic acid (PNA) and desoxypentose nucleic acid (DNA) were fraction- 
ated (10), and the ribosides (11) from PNA and the purines from DNA 
(12) prepared and separated by partition chromatography on starch, ac- 
cording to the methods worked out earlier at one of our laboratories, 
The results are given in Table I. 

The purines from DNA were not pure, according to the light absorption 
to nitrogen quotient. 

The figures in the third column identifying each substance by means of 
maximum absorption and nitrogen content are in good agreement with 
the standard values. The prostate extract used for preparing the ribo- 
sides from the mononucleotides prior to the chromatographic separation 
was free from purines and pyrimidines, according to light absorption. 


DISCUSSION 


In work with pyrimidine-deficient Neurospora mutants cited earlier (3, 
6, 13), it was proposed that in these organisms the free pyrimidines are 
not intermediates in the synthesis of polynucleotides, because free cytosine 
could not be utilized by uracil-deficient mutants, whereas cytidine or cy- 
tidylic acid supported growth. This has been taken to indicate that the 
interconversion of uracil and cytosine took place only when these pyrimi- 
dines were combined with ribose. Similar observations have been made 
by Fries (14) with pyrimidine-deficient strains of Ophiostoma. 

The work by Plent] and Schoenheimer (15) has shown that rats did not 
utilize uracil or thymine for the synthesis of polynucleotides when the free 
pyrimidines were supplied in the diet. 

The data in Table I show that part of the isotopic nitrogen in the in- 
jected orotic acid was recovered in uridine and cytidine with dilution fae- 
tors of only 5.4 and 6.9 respectively. These low dilution factors prove 
that the administered orotic acid had entered into the metabolism as 4 
precursor for the pyrimidine ring. 

It is apparent from the isotope analysis that the orotic acid had not been 
utilized to any significant extent for the formation of purine ribosides, the 
purines in DNA, or of proteins. 
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The distribution of the isotope in the cytosine molecule between the 
ring and the amino group was not determined, since the amount of cyti- 
dine was insufficient for deamination. 


TABLE I 
Isolated substances N™ — cent - = Dasle of 100 
— y N per mi. administered orotic acid 

From PNA 

Adenosine 0.011 0.190 0.18 

Guanosine 0.005 0.160 | 0.08 

Cytidine 0.872 0.288 14.39 

Uridine 1.133 0.314 18.70 
From DNA 

Adenine 0.014 

Guanine 0.030 
Trichloroacetic acid- 0.009 | 0.15 


insoluble ‘‘protein’’ | 


* Determined on the following standards: adenosine at 257 my, 0.196; guanosine 
at 255 my, 0.164; cytidine at 280 my, 0.295; uridine at 262 my, 0.332. 


N===('—-OH N===C—OH 
| | | | 
CO CH ce CO CH 
Be | | | | 
NH—C R—N——C R—N CH 
| Uridine 
COOH COOH 
Orotic acid tT 
| | 
N===C—NH;, 
| 
CO CH CO CH 
| | | | 
R—-N——C R—N——CH 
COOH Cytidine 


DiaGRaM 1. Possible reactions occurring in the utilization of orotic acid in bio- 
synthesis of nucleosides. 


The lower isotope content of cytidine (Table 1) might be due to amina- 
tion with non-isotopic nitrogen or with nitrogen of a low isotope content. 
Calculated on the assumption that we think is highly improbable, that 
all the excess isotope was contained in the ring, the value for the isotope 
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excess in the cytosine ring becomes 1.308. On the assumption that the 
atoms per cent excess of N” in the cytosine and uracil rings are equal, 
the excess in the amino group would be 0.350. On the other hand cyti- 
dine may not have been formed from uridine (see Diagram 1) and the 
observed difference might have significance, indicating different turnover 
rates of these pyrimidines. 

The non-utilization of uracil, as demonstrated by Plentl and Schoen- 
heimer (15), should indicate that corresponding coupling of the free py- 
rimidine does not take place in this animal. A possible explanation for 
the fact that orotic acid in contradistinction to uracil is utilized in the rat 
might be that a mechanism exists whereby orotic acid is coupled to ribose 
prior to decarboxylation (Diagram 1). 

We hope to be able to answer some of these questions when work now in 
progress is completed. 

In earlier experiments on rat liver some of us (16) found that glycine 
enters with some of its nitrogen (dilution 128-fold) into the pyrimidine 
ring. On the postulate that orotic acid is a normal intermediate in the 
biosynthesis of the pyrimidines, which of course is not shown by our ex- 
periment, glycine should be supposed to take part in this synthesis prior 
to the formation of orotic acid. 


SUMMARY 


Orotic acid containing N'™ was administered to rats, and the nitroge- 
nous compounds from liver nucleotides were tested for their content of 
isotope. The isotope was recovered in uridine and cytidine in 5.4- and 
6.9-fold dilution of the administered orotic acid respectively, whereas 
the purine ribosides, the purine bases from DNA, and the proteins 
contained only insignificant amounts. It is concluded that the orotic acid 
had been utilized for synthesis of the pyrimidine ring, and different possi- 
bilities for the biosynthesis of the pyrimidine nucleosides are discussed. 


We are greatly indebted to Dr. David Shemin, Columbia University, 
for the generous gift of the isotopic aspartic acid used for the preparation 
of orotic acid. 
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THE ROLE OF INSULIN IN THE METABOLISM OF 
AMINO ACIDS 


By WILLIAM LOTSPEILCH* 
Wits THe Tecunicart Asstsrance or Joan B. SHELTON 


(From the Department of Physiology, Syracuse University College of 
Medicine, Syracuse) 


(Received for publication, January 27, 1949) 


It is well known that insulin exerts a profound influence on the metab- 
olism of amino acids and protein. For example, the administration of 
insulin to the fasting, untreated diabetic has been shown to reduce the 
excessive excretion of nitrogen (1). Leutscher has recently observed that 
the diabetic has an unusually high concentration of blood amino acid and 
that insulin brings this to a normal value (2). Conversely, it has been 
demonstrated that the injection of insulin into the normal fasted man re- 
sults in a depression of the concentration of blood amino acid to values be- 
low normal (3-5). This observation has been confirmed in the rat (3), 
the rabbit (3), and the dog (6). Harris and Harris (5) have studied the 
changes in the plasma levels of a limited number of individual amino acids 
in mental patients during insulin hypoglycemia. While the blood levels 
of all were depressed, leucine and lysine fell to the greatest extent. These 
authors offer no conclusive explanation for their findings. 

That the liver is not specifically necessary for the action of insulin on 
amino acids has been shown by the fact that insulin delays the accumula- 
tion of blood non-protein nitrogen in the nephrectomized, eviscerated dog 
(7) and of amino acids in the blood of the eviscerated®rat (8). Thus the 
effect of insulin on amino acids must be exerted on tissues in general, rather 
than in the liver or any other organ specifically. 

In an attempt to understand more fully the nature of the réle of insulin 
inamino acid metabolism, it was decided to study the effect of insulin on 
4 representative number of individual amino acids and to examine the 
results in the light of the best evidence to date which indicates that insulin 
promotes the synthesis of protein (9, 7). Because of their particular im- 
portance in normal growth and nutrition, and because the methods for 
their analysis are most reliable, it was decided to study the ten “essential” 
amino acids.!. The results of this study on the normal fasted dog are re- 
ported below, and support the belief that insulin is concerned with the 
synthesis of protein from free amino acids. 


* Scholar in the Medical Sciences of the John and Mary R. Markle Foundation. 
"Leucine, lysine, arginine, isoleucine, valine, threonine, phenylalanine, methio- 
une, histidine, tryptophan. 
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EXPERIMENTAL 


Experiments were performed on two normal adult female mongrel dogs, 
maintained on a diet of laboratory chow, supplemented by horse meat 
twice a week. The animals were fasted for 18 to 24 hours before an ex. 
periment. After a control sample of blood was taken, insulin? was injected 
intravenously in a dose of 2 units per kilo of body weight. Blood samples, 
in amounts of 35 ml., were drawn into an oxalated syringe at 30 and 60 
minutes thereafter. Neutralized tungstic acid filtrates of these bloods 
were prepared immediately and used for analysis of amino acids. The 
amino acid analyses were done by microbiological assay techniques. Each 
method was shown to give quantitative recovery of amino acid added to 
whole blood, and was therefore considered reliable for use. Only the nat- 
ural forms of the amino acids are determined by these methods; therefore 
all data reported herein are for those forms only. Leucine, arginine, 
valine, threonine, methionine, histidine, and tryptophan were determined 
according to the method of Stokes et al. (10) with Streptococcus faecalis R 
as the test organism. Lysine and isoleucine were determined by a modi- 
fication of the method of Dunn et al. (11) with Leuconostoc mesenteroides 
P-60 as the test organism. Phenylalanine was determined by a turbidi- 
metric modification of the method of Henderson and Snell (12) with Lac- 
tobacillus arabinosus. Amino acid analyses of dog muscle were performed 
by these same methods on acid and alkaline hydrolysates of muscle. A 
biopsy of the thigh muscle was obtained under aseptic conditions. It was 
immediately minced and homogenized in a Waring blendor with distilled 
water. The homogenate was then put in a vacuum flask and lyophilized. 
The hydrolysates were made from the lyophilized muscle essentially ac- 
cording to the method of Stokes et al. (10). 
Blood glucose was followed in all experiments as a check on the activity 
of insulin, the glucose being determined according to Nelson’s photometric 
adaptation of Somogyi’s method (13). 


Results 


It was found that after the intravenous administration of insulin the , 
blood concentration of all ten amino acids fell, but to different degrees. 
It was further found that these differences remained characteristic from 
experiment to experiment. This observation lead to speculation concert- 
ing the reasons for these differences. If, as has been suggested (7), insulin | 
plays a role in protein synthesis, then it would be logical to assume that — 
under the influence of insulin each amino acid would be removed from the 
blood in quantities commensurate with the proportion of each in the pro- 


? Tletin, Lilly. The author is grateful to Eli Lilly and Company for the generous 
supply of insulin for use in this study. 
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tein in process of synthesis. 
esis by comparing the proportions of each amino acid leaving the blood 
after insulin injection with the proportions of the same amino acids in a 


representative body protein. 
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It was therefore decided to test this hypoth- 


Skeletal muscle protein was chosen for this 


comparison, since it constitutes about 50 per cent of the body weight. 

In preliminary experiments in which only three or four amino acids were 
measured at a time, it became apparent that such a correlation did exist 
and that the hypothesis was correct. 
felt that it would be necessary to measure blood changes in all ten amino 
acids simultaneously. The techniques for microbiological assay were mod- 


In order to be sure, however, it was 


Comparison between Relative Proportions of Ten Essential Amino Acids Removed from 
Blood after Insulin and Relative Proportions of Same Amino Acids in Dog Muscle 


Phenylalanine... ............ 


_ In muscle protein 


| Fall in concentration dry 


per mi. ume per 
10.0 
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ified in order that all amino acids could be analyzed in the filtrate from 35 
ml. of blood; the experiments were done on two dogs. 
sented the data from such an experiment. 
data were both obtained from the same dog. Since the blood leucine con- 
centration was lowered to the greatest extent by insulin, and since leucine 
was in highest concentration in the muscle protein, leucine in both blood 
and muscle data was given a value of 10 and the other amino acids com- 
pared to it on the basis of relative molecular proportions. 
the figures of Table I that in general there is a good correlation between 
the proportion of each amino acid in skeletal muscle protein and the pro- 
portion of each amino acid removed from the blood after insulin. 
correlation is illustrated in graphic form in Fig. 1, in which the proportions 
of the amino acids removed from blood are plotted above the line, and the 
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muscle amino acids below it. These data, then, substantiate the hypoth- 
esis and show that under the influence of insulin the ten essential amino 
acids do indeed leave the blood in quantities proportional to their concen- 
trations in a representative body protein. 
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IN DOG SKELETAL MUSCLE PROTEIN 


Fic. 1. A comparison between the molecular proportions of the ten essential 
amino acids removed from the blood of a dog after insulin and the proportions of 
the ten essential amino acids in the same dog’s skeletal muscle protein. 


DISCUSSION 


These data suggest three possible explanations for the action of insulin 
on amino acids. First, insulin might promote increased deamination. 
This is unlikely in view of the fact that insulin affects amino acids even iD 
the absence of the main deaminative organ, the liver. Furthermore, the 
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data of Bach and Holmes (14) and Stadie et al. (15) indicate that insulin 
actually inhibits, rather than accelerates, the oxidative deamination of 
amino acids by liver slices. 

Second, insulin might possibly depress the hydrolysis of protein and 
thus bring about a decrease in the quantity of amino acid entering the 
blood. This possibility cannot be absolutely ruled out on the basis of the 
experiments reported here. However, if insulin simultaneously inhibits 
both the hydrolysis of tissue protein and deamination of amino acids, it 
would seem highly improbable that the proportionality pattern observed 
here would have occurred. 

Third, as has been suggested, insulin might play a réle in the process of 
protein synthesis. This interpretation would explain the data adequately 
and furthernore would be in harmony with other evidence implicating in- 
sulin in protein synthesis. Grey and Thalhimer (16) in 1924 were able to 
demonstrate greater growth of chick fibroblasts in tissue culture with in- 
sulin and glucose than with glucose alone. Mirsky (17) has shown that 
anterior pituitary extract requires insulin for its protein synthetic func- 
tion. Indeed in the diabetic animal this extract actually promotes the 
breakdown of tissue protein rather than its synthesis. This interrelation 
between insulin and the pituitary was also shown by Frame and 
Russell (8) who observed that insulin and anterior pituitary extract to- 
gether are more effective than insulin alone in decreasing the rate of accu- 
mulation of amino acids in the blood of the eviscerated rat. 

Wilhelmi, Fishman, and Russell (18) have recently stated that “the 
activity of the anterior pituitary gland in maintaining normal levels of 
muscle glycogen in the 24 hour fasted hypophysectomized rat .. . appears 
to be a property of the growth hormone.”’ Thus insulin is not only in- 
volved in the protein anabolic function of the pituitary, but the pituitary 
isalso apparently involved in glycostasis, a function known to be affected 
by insulin. 

These studies, linking insulin and the pituitary in both glycostasis 
and protein synthesis, emphasize the interrelated nature of their functions 
and add weight to the feeling that the data presented in this paper are most 
logically interpreted in the light of a protein anabolic function of insulin. 
Experiments are now planned in which the effects of insulin and growth 
hormone on the metabolism of the individual amino acids will be studied 
in vivo, and with muscle strips in vitro. It is hoped that these studies will 
add further meaning to the experiments reported in this paper. 


SUMMARY 


The effect. of insulin on the blood concentration of the ten essential 
amino acids has been studied in the normal fasted dog. It has been shown 
that there is a correlation between the proportions of each amino acid re- 
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moved from blood after insulin and the proportions of each amino acid ip 
a representative body protein, skeletal muscle. It has been suggested on 
the basis of this observation that insulin promotes the synthesis of protein 
from circulating amino acids. This interpretation of the data is in keeping 
with recent evidence that points to an intimate relationship between in- 
sulin and the anterior pituitary gland in both protein and carbohydrate 
metabolism. 


The author wishes to express his thanks to Dr. Robert Pitts and Dr. 
Jay Tepperman for their helpful suggestions and to Mr. Raymond Cottet 
for his assistance in the performance of the experiments. 
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THE BIOLOGICAL ACTIVITY OF SUBSTITUTED PURINES* 


By G. W. KIDDER anpb VIRGINIA C. DEWEY 
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(Received for publication, December 27, 1948) 


It has been shown that the animal microorganism, Tetrahymena geleii, 
requires an exogenous source of purine for growth (1). This requirement 
can be met by the addition of guanine (or guanosine or guanylic acid) to 
the medium (2). No other naturally occurring purine can replace guanine, 
although adenine and hypoxanthine exhibit marked sparing action. It was 
pointed out that Tetrahymena differs from mammals in that it is capable of 
synthesizing adenine from guanine but not guanine from adenine, whereas 
in the mammal the reverse appears to be true (3). 

A systematic testing of substituted pyrimidines has been shown to be a 
means of evaluating the active positions and radicals (4), and accordingly 
a similar study has been made with twenty-one substituted purines. With 
these compounds, as with the pyrimidines, conclusions were drawn on the 
basis of replacement, sparing action, inhibitory action, and inactivity. 

The compounds tested were generously supplied to us by Dr. George H. 


Hitchings and his colleagues of the Wellcome Research Laboratories, to 
whom we are deeply grateful. 


Methods 


The methods employed are identical with those used in the investigation 
of the substituted pyrimidines (4). The basal medium differed in one re- 
spect only. Guanylic acid and adenine were omitted and uracil and cyti- 
dylic acid were added (10 y per ml. and 25 y per ml. respectively). Tests 
for replacement, sparing action, and inhibition were conducted in the man- 
her previously described (4), with similar ranges being tested. 


Results 


Table I summarizes the results obtained. Of the substituted guanines 
available for testing, two were capable of supplying the purine require- 
ment (replacement of guanine) and two exhibited weak guanine sparing ac- 
tion. Substitution of position 1 with a —CH; group reduced the activity 
for replacement of guanine (rated as 100 per cent) to 75 per cent. In this 
case the growth produced by 8 y per ml. of 1-methylguanine equaled that 

* Aided by a grant from the United States Public Health Service and a grant 


recommended by the Committee on Growth of the National Research Council, 
acting for the American Cancer Society. 


181 


7 
| 
| = 


182 ACTIVITY OF SUBSTITUTED PURINES 


produced by 6 y per ml. of guanine hydrochloride. On the other hand &. 
methylguanine, while it will replace guanine, is very difficultly metabolized 
by the organism. Activity is about 4 per cent and optimum growth is not 
obtained even at high levels. The growth rate is markedly reduced. 
Substitution in position 7 (7-methylguanine) destroys replacement ae. 
tivity, but slight sparing action occurs after prolonged growth periods, 
Added substitutions in position 1 (1 ,7-dimethylguanine) reduce activity 


TABLE I 
Activity of Substituted Purines 


Replacement Bex cont Sparing Inhibition 
1-Methylgua- | 75 Adenine 5-Amino-7-hy- 0.075 7-Hydroxy. 
nine droxy-1H-v-tri- H-e-tri- 
| | azolo|d|pyrim- azolo[d}- 
|  idine | pyrimi- 
dine 
1-Methylxan- | 15 Hypoxan- | 5,7-Diamino-1H-_ 85 Xanthine 
thine thine -p-triazolofd]- 
| pyrimidine 
2,6-Diamino- 2.3 7-Methylgua- 1,3,7-Trimethyl-| 100$ 7-Methyl- 
purine nine (poor) xanthine (caf-— | xanthine 
feine) | 
8-Methylgua- 4 (slow) | 1,7-Dimeth- 3,7-Dimethylxan- 150t 3-Methyl- 
nine ylguanine thine (theobro- xanthine 
(poor) mine) 
| —1,3-Dimethylxan- 225} 2-Thio-6- 
| thine (theo- ketopu- 
| phylline) rine 
1,7-Dimethylxan- 300} Uric acid 
thine (paraxan- 
thine) 


* Calculated from guanine, which was rated 100 per cent. 

t The inhibition index is here defined as the smallest ratio between the amount 
of the inhibitor and the antagonist at which growth does not occur. 

t These indices were determined by using low concentrations of guanylic acid. 
Raising the purine concentration of the medium changes the index. 


further. It appears that, in the presence of small amounts of guanine, 
these two compounds can be demethylated at a very slow rate. 

The activity of adenine and hypoxanthine as sparing agents was reported 
earlier (2). Neither of these compounds can replace guanine. If, hov- 
ever, position 2 of adenine is aminated (2,6-diaminopurine), then the or- 
ganism is able to use this compound as a substitute for guanine. The 8¢- 
tivity is low (2.3 per cent), however, and optimum growth is never attained. 

Xanthine is without activity (2) but 1-methylxanthine can replace gue 
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nine. This was an unexpected finding and the explanation is not immedi- 
ately at hand. The activity is about 15 per cent, which is far too high to 
be accounted for on the basis of guanine contamination. It may be that 
the methylation of position | ‘‘fixes’’ the keto radical at position 6 (no 
enolization). It is then possible for the organism to aminate the 2 posi- 
tion to produce 1-methylguanine. 

All other methylxanthines tested were either inhibitory (caffeine, theo- 
bromine, theophylline, paraxanthine) or inert (7-methylxanthine, 3-methyl- 
xanthine). Aside from the single methyl substitution in position 1 men- 
tioned above, there tends to be an inverse relationship between the number 
of —CH; substitutions and the activity of the compound. Thus 7-methyl- 
xanthine and 3-methylxanthine are inert. When both these positions are 
filled with —-CHg; groups (theobromine), an inhibitory compound is pro- 
duced. Substitution of position 3 or 7, together with position 1 (theo- 
phylline and paraxanthine), produces inhibitors, and even stronger inhi- 
bition results when all three positions (1, 3, and 7) are --CH;-substituted 
‘caffeine ). 

It has so far been impossible to release more than about half of the in- 
hibitory effect of the methylxanthines with guanine or any other purine or 
mixtures of purines. Best results in antagonizing the inhibition have been 
obtained with a mixture of guanine, xanthine, and adenine. The methyl- 
xanthines appear to inhibit more than one enzyme system. The non-purine 
systems affected seem to have a higher resistance than the purine systems. 
Thus, at relatively low levels of inhibitors, complete release can be ob- 
tained with the purine mixture but, at higher levels of inhibitors, no further 
rlease results. Raising the levels of the B vitamins as much as 100-fold 
or the addition of nicotine (5) had no effect. The nature of the non-purine 
system or systems interfered with by the methylxanthines must await fur- 
ther investigation. 

The triazolo compounds were first svnthesized by Roblin et al. (6). The 


structural relationships with the purines can be seen if representation is 
made as follows: 


NH,—C C—N—-H 
| 
N 
N—C—N 


In this form positions 5 and 7 of the triazolo compounds become the 
‘quivalent of positions 2 and 6 of the purines. In effect, therefore, the 5- 
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amino-7-hydroxytriazolo compound can be thought of as guanine (eng 
form) with a nitrogen replacing the 8 position carbon. 

This triazolo compound is by far the most powerful inhibitor encountered 
in this investigation. The inhibition index is 0.075. That is to say that 


100 507/ML. 
GUANYLIC ACID 
__ ADDED 


' 


40 80 100 120 140 


HOU RS 


Fic. 1. Growth curves for two purine inhibitors and the effect of added guanylie 
acid. ©, growth when 0.4 y per ml. of 5-amino-7-hydroxy-1H-v-triazolold]pyrimi- 
dine was present with an initial level of 12 y per ml. of guanylic acid. @, growth 
when 60 y per ml. of caffeine were present with an initial level of 5 y per ml. of 
guanylic acid. The solid lines represent the growth of the organisms after addition 
of guanylic acid, while the dash lines represent the growth without added guanylie 
acid. Caffeine-inhibited organisms respond immediately to the addition of an- 
tagonist (guanylic acid), while the 5-amino-7-hydroxytriazolo-inhibited organisms 
do not respond appreciably for many hours. 


OPTICAL DENSITY 


1 molecule inhibits 13 to 14 molecules of guanine. This inhibition can be 
completely reversed by guanine. Roblin et al. (6) found this compound to 
be inhibitory to certain bacteria, the inhibition being specifically antago 
nized by guanine. The inhibition ratios were much higher, however, that 
is shown with Tetrahymena. 
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Tests were conducted wherein graded amounts of 5-amino-7-hydroxy-1H- 
y-triazolold|pyrimidine were added to the basal medium together with sub- 
optimum amounts (12 y per ml.) of guanylic acid, and growth was followed 
by readings at regular intervals. For comparison, a series with caffeine 
(with guanylic acid at 5 y per ml.) and two pyrimidine inhibitors (isobarbi- 
turic acid and 2-thiouracil) was similarly followed. In the last two cases 
suboptimum amounts of uracil (4) were used. Optimum amounts of an- 
tagonists (guanylic acid or uracil) were added aseptically after 64 hours of 
incubation. ‘The control series, receiving no antagonist, was followed for 
the 140 hours of the duration of the experiment. Growth rates were pro- 
portional, in all cases, to the amount of inhibitor present during the first 64 
hours of incubation, and throughout the experiment in the controls. Im- 
mediate response in increased growth rate occurred when the antagonist 
was added to the caffeine, isobarbiturie acid, and 2-thiouracil series. In 
the case of the 5-amino-7-hydroxytriazolo compound, however, the estab- 
lishment of the optimum growth rate was delayed 20 to 30 hours after addi- 
tion of the antagonist. Growth curves for single levels of each of two in- 
hibitors are shown in Fig. 1. 

When the 7 position (6 of the purine) is filled by an amino group (5, 
7-diamino-1 H-v-triazolo|d|pyrimidine), the inhibition index is 85. Again 
guanine is capable of complete release. This triazolo compound is there- 
fore about as effective a guanine inhibitor as 2,6-diaminopurine, which it 
closely resembles from a structural standpoint, is a replacer of guanine. 

When the 5 position is unsubstituted (7-hydroxy-1H-v-triazolo{d¢]pyrimi- 
dine), the compound is inert. 


DISCUSSION 


Competitive inhibition is thought to result when a compound is similar 
enough structurally to a required metabolite to fit the enzyme system re- 
sponsible for the metabolism of the metabolite. The metabolic block would 
be due to the inability of the organism to make use of the inhibitor. If 
this were true, therefore, the most powerful inhibitors would be those with 
structures most nearly resembling those of required compounds. 

The extreme inhibitory activity of 5-amino-7-hydroxy-1H-v-triazolo[d]- 
pyrimidine may be due to its complete primary utilization by the guanine- 
enzyme system, to the extent that its nucleoside (and probably nucleotide) 
is formed in place of those of guanine. If this abnormal nucleotide is 
formed, however, it would appear to be fatal to the organism during later 
stages of development. This situation would be overcome only if enough 
guanine were present so that the formation of the abnormal nucleotide 
would be negligible. Evidence supporting this hypothesis is seen in Fig. 1. 
Relatively mild inhibitors, which may compete with the antagonist at the 
enzyme surface, are immediately overcome by large amounts of antagonist, 
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while appreciable time is required for overcoming the effects of the triazolo 
compound. These results indicate to us a more intimate metabolic asso. 
ciation on the part of the latter compound than milder inhibitors show, 

The inhibitory activity of 5-7-diamino-1H-v-triazolo[d|pyrimidine js of 
such an order as to suggest competition with guanine at the primary enzyme 
surface with no further metabolism of the compound. 

It was earlier suggested (4) that the testing of analogues of the pyrimi- 
dines with the animal microorganism Tetrahymena might be a useful means 
of screening compounds for bacteriostatic action and therapeutic useful. 
ness. Those compounds having low inhibition indices for Tetrahymena 
could be excluded from consideration as useful agents. 

The present investigation throws a somewhat different light on these con- 
siderations, due to a peculiarity of Tetrahymena when compared to the 
mammal. Tetrahymena is incapable of synthesizing guanine from adenine 
(2), while the reverse seems to be the case in mammals (3). _ If such organ- 
isms as blood flagellates (Trypanosoma), tissue flagellates (Schizotrypanum, 
Leishmania) intestinal amoebae (Endamoeba histolytica), malarial parasites, 
viruses, and rickettsiae should be found to follow the biochemical patter 
of Tetrahymena and require guanine, then they should be powerfully in- 
hibited by the 5-amino-7-hydroxytriazolo compound, which in turn should 
possess little or no inhibitory action toward the mammalian host.’ This 
compound deserves serious consideration as a likely therapeutic agent. 


SUMMARY 


Twenty-one substituted purines were tested for replacement and sparing 
of guanine and inhibitory action, with the animal microorganism Tetrahy- 
mena geleit. 

Four (1-methylguanine, 8-methylguanine, 1-methylxanthine, and 2,6- 
diaminopurine) were found capable of supplying the purine requirement, 
replacing guanine. Four (adenine, hypoxanthine, 7-methylguanine, 1,/- 
dimethylguanine) can spare guanine but not replace it. 

The triazolo analogue of guanine (5-amino-7-hydroxy-1H-v-triazolold; 
pyrimidine) is a powerful purine inhibitor with an inhibition index of 0.075. 
The inhibition is completely reversed by guanine. Of two other triazolo 


1 In a series of preliminary tests, mice were given intravenous, subcutaneous, 
and intraperitoneal injections of 5-amino-7-hydroxy-1H-v-triazolo[{d]pyrimidine. 
No apparent toxicity resulted in any case, even though the compound was givel 
at levels of 100 y per gm. of mouse weight and this dose repeated three times daily 
for 3 days. The compound did not affect the fatal course of infection of mice with 
Trypanosoma rhodesiense, however. This might indicate the non-identity of the 
purine pattern of metabolism of the flagellate with that of Tetrahymena, which would 
not be unexpected, considering the generally accepted plant origin of the flagellate 
stock. 
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compounds tested, one was moderately inhibitory (5-7-diamino-1H-v-triazo- 
lofd|pyrimidine) and the other (7-hydroxy-1H-v-triazolo{d]pyrimidine) was 
inert. The dimethylxanthines (theobromine, theophylline, paraxanthine, 
and trimethylxanthine (caffeine) were found to be inhibitory, but the in- 
hibition was only partly reversed by guanine or other purines. The re- 
sidual inhibition was not reversed by known vitamins or nicotine. 
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INHIBITION OF THE PROTEINASE AND ESTERASE ACTIVI- 
TIES OF TRYPSIN AND CHYMOTRYPSIN BY DITSOPROPYL 
FLUOROPHOSPHATE: CRYSTALLIZATION OF INHIBITED 
CHYMOTRYPSIN* 


By EUGENE F. JANSEN, M.-D. FELLOWS NUTTING, ROSIE JANG, anp 
A. K. BALLS 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial Chemistry. 
Agricultural Research Administration, United States Department 
of Agriculture, Albany, California) 


(Received for publication, December 27, 1948) 


The discovery of the esterase activity of trypsin and chymotrypsin (1, 2) 
has naturally raised the question whether the two activities are referable to 
the same or to different functional groups in these proteins. Schwert et 
al. (1) have concluded that the hydrolysis of a-benzoyl-L-arginine methyl 
ester and a-toluenesulfonyl-L-arginine methyl ester was catalyzed by tryp- 
sin itself and by the same active surfaces responsible for the proteolytic ac- 
tivity (as measured by the hydrolysis of a-benzoyl-L-arginineamide) on the 
basis of the following evidence: (a) All crystalline trypsin preparations had 
approximately the same esterase activity regardless of the method of puri- 
fication, (b) the autolysis of trypsin in alkaline solution resulted in a parallel 
decrease in both activities, (c) the pH optimum for casein and ester hy- 
drolysis was the same, and (d) the addition of increasing amounts of crys- 
talline soy bean inhibitor progressively reduced both activities. 

It occurred to us that the highly selective inhibition of certain esterases 
by various organic phosphates, notably diisopropyl] fluorophosphate (DFP) 
and tetraethyl pyrophosphate (TEP), might furnish additional evidence 
for the similarity or dissimilarity of the centers of proteinase and esterase 
activities. It has been shown that both true and pseudo cholinesterases 
are readily inhibited by DFP (3) and by the mixture called hexaethyl tetra- 
phosphate of which TEP is the active constituent (4). Furthermore the 
inhibitory action of DFP has been regarded as strictly confined to certain 
esterases (5),! and a preliminary test showed us that the esterase activity 
of both trypsin and chymostrypsin was in reality strongly inhibited by 
DFP. Accordingly, a test was made to see whether both activities were 
similarly affected. ‘The work presented here shows that this is the case, 


* Enzyme Research Division Contribution No. 118. 

'The inhibition is generally considered irreversible in vitro, although this may 
depend on factors other than the enzyme itself, for in the case of (citrus) acetylesterase 
we have observed TEP inhibition to be reversible in vitro and DFP inhibition to be 
reversible in the intact fruit (6). 
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and thus supports the view that a single group is responsible for both 
enzyme actions. 

Chymotrypsinogen, which is neither an esterase nor a proteinase per se, 
was not affected in any observed fashion by a concentration of DFP 10 
times that needed to cause complete inactivation of the corresponding 
quantity of chymotrypsin. After treatment it could be recrystallized jn 
typical form and activated with trypsin to give chymotrypsin with the 
same proteinase and esterase activity as chymotrypsin resulting from un- 
treated chymotrypsinogen. 

On the other hand, both the proteinase and esterase activities of crys- 
talline trypsin and crystalline chymotrypsin were readily inhibited by 
small concentrations of DFP (though not by relatively large concentra- 
tions of TEP). With each enzyme the inhibition of both activities oc- 
curred at essentially the same rate and to the same extent. 

The foregoing results agree with the postulate that one group is respon- 
sible for both the esterase and proteinase activities in trypsin and chymo- 
trypsin. The same conclusion has been reached by an entirely different 
method, whereby trypsin was partially inactivated by hydrostatic pres- 
sure. In this case also the loss of esterase activity paralleled that of pro- 
teinase activity.2, However, the existence of two kinds of active groups 
in trypsin is a distinct possibility from the observation of Fraenkel-Conrat, 
Bean, and Lineweaver (7) that acetylated trypsin, although still proteo- 
_ lytic, can no longer be readily inhibited by ovomucoid, the antitrypsin of 
egg white. A sample of acetyl trypsin? showed only about half as much 
proteinase activity per measure of esterase activity as found for crystalline 
trypsin. It is true that when treated with DFP this sample lost both pro- 
teinase and esterase activity, but it required much more inhibitor, and the 
loss of proteinase activity was disproportionally greater than that of 
esterase activity. This observation is in direct contrast to all the others 
reported here and will be discussed later. 

Extremely small quantities of DFP were found to be sufficient for the 
inhibition of chymotrypsin. In equimolar proportions the enzyme was 4l- 
most totally inhibited.‘ The chance of obtaining DFP-inhibited chymotryp- 
sin in crystalline form seemed therefore to be good, and the attempt was 
successful. Crystalline chymotrypsin was completely inhibited by DFP 
and the resulting product recovered in crystalline form. After one re 
crystallization, the resulting protein showed no esterase or proteinase ac- 


? Part of an investigation of the effect of high pressures on enzymes, sponsored 
by Bankhead-Jones funds. The results will be published shortly. 

* Kindly furnished by Dr. H. Fraenkel-Conrat. 

‘ Trypsin required more inhibitor possibly because the pH for the optimal effect 
of DFP was net used on account of the instability of trypsin in that range. 
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tivity whatever. Furthermore it exerted no inhibitory effect on active 
chymotrypsin, so presumably it contained no free DFP. The crystals 
were (to us) indistinguishable from ordinary a-chymotrypsin. This sub- 
stance appears to be one of the few known examples of an artificially in- 
hibited enzyme in the crystalline state. Kunitz and Northrop (8, 9) have 
prepared crystalline trypsin-inhibitor complexes and Herriott and North- 
rop (10) crystallized acetylated derivatives of pepsin whose activities 
varied with the degree of acetylation. We believe that DFP-inhibited 
chymotrypsin will also serve as a useful material for studying the mode 
of action of some hydrolytic enzymes, as well as the specific effect of DFP 
thereon. The results of further study on this crystalline product will be 
reported later. 


Materials and Methods 


Inhibitors—The DFP® was analytically pure, the TEP*® was at least 95 
per cent pure, and the diethyl p-nitrophenyl thiophosphate (parathion)? 
: was technical grade. Stock solutions of the inhibitors were made to be 
: 0.1 to 0.001 mM in anhydrous isopropanol; such solutions were stable for 
several months in the refrigerator. Aliquots of these solutions sufficient 
to give the desired concentration of inhibitor were added to an enzyme 
solution and incubated at room temperature (25° + 1°) for a specified 
time previous to assay. As a control, pure isopropanol was added in a 
corresponding amount to a similar enzyme solution in order to ascertain 
whether any of the inhibition observed might be due to the isopropanol. 
In no case did the amount of isopropanol used produce any inhibition 
over the time of the experiment. 
| Enzymes and Assay Methods —The crystalline chymotrypsinogen* was 
recrystallized seven times after receipt, then exhaustively dialyzed and 
lyophilized. The crystalline chymotrypsin’ and trypsin!® were obtained 
as dry filter cakes. The proteinase activities of trypsin and chymotrypsin 
were determined by the Anson hemoglobin method (il). The esterase 
activity of trypsin was determined by a continuous potentiometric titra- 
| tion procedure similar to that used by Schwert ef al. (1), in which the car- 


‘Obtained from the Medical Division, Army Chemical Center, Edgewood, Mary- 
land, through the courtesy of Captain James A. Campbell. 

* Kindly supplied by Dr. Howard Adler of the Victor Chemical Works, Chicago. 

"Kindly supplied by Mr. A. F. Kirkpatrick of the American Cyanamid Company, 
New York. 

* Purchased from the Plaut Research Laboratory, Lehn and Fink Products Cor- 
poration, Bloomfield, New Jersey. 

* Purchased from the Armour Laboratories, Armour and Company, Chicago. 

ag Kindly supplied by Dr. M. Kunitz of the Laboratories of The Rockefeller In- 
stitute for Medical Research, Princeton, New Jersey 
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boxyl groups liberated by the hydrclysis of a-toluenesulfonyl-t-arginine 
methyl ester (TSAME) were neutralized with 0.02 n NaOH. No buffer 
was needed with this dilute alkali. The 20 ml. reaction mixture consisted 
of sufficient TSAME to make it 0.01 m and, routinely, an amount of en- 
zyme which would cause the liberation of 0.005 m.eq. of carboxyl groups 
per minute. The pH was maintained at 7.5 by the addition of 0.02 x 
NaOH, and periodically readings were made of the alkali added. The 
hydrolysis (with trypsin) proceeded as a zero order reaction. The results 
are expressed in milliequivalents of carboxyl groups liberated per minute 
per mg. of protein nitrogen, or in the per cent of a control. The esterase 
activity of chymotrypsin was likewise determined by a continuous titra- 
tion procedure, L-tyrosine ethyl ester (TEE) being used as a substrate 
TEE was hydrolyzed at the same rate as benzoyl-L-tyrosine ethyl ester, 
but TEE had the advantage of being more soluble in water. The condi- 
tions of assay were the same as those used for trypsin; 7.c., the substrate 
concentration was 0.025 mM, and the pH of the assay was 7.5. Since the 
reaction with chymotrypsin was found to be one of first order, the results 
were calculated in terms of milliequivalents of carboxyl groups liberated 
per minute on the basis of the initial slope. 

The symbols [Enz. u. peeve’ py established by Northrop and his group 
were used to express activities; ¢.g., [T. represents the trypsin 
units with the use of TSAME as a substrate (milliequivalents of COOH 
groups liberated per minute) per mg. of protein nitrogen. 

The term pK is used to denote the negative logarithm of the concentra- 
tion of inhibitor required to produce 50 per cent inhibition. 


EXPERIMENTAL 


Failure of DFP Treatment to Alter Chymotrypsinogen-—Schwert et al. (1) 
found that chymotrypsinogen failed to hydrolyze a-benzoyl-L-arginine 
methyl ester, whereas chymotrypsin hydrolyzed this substrate well. Sim- 
ilar results were obtained by us with TEE, with which 15 mg. of chymo- 
trypsinogen failed to cause any detectable hydrolysis. Hence the conver- 
sion of the zymogen to the active enzyme uncovers both the proteinase and 
esterase centers of activity. 

Chymotrypsinogen was dissolved in 0.2 Mm phosphate buffer of pH 7./ 
to give a concentration of 15 mg. per ml. Sufficient DFP was added te 
give a final concentration of 0.001 m. After 24 hours | ml. of the solution 
was diluted with 6 ml. of buffer, and 0.01 mg. of trypsin in 2 ml. of 0.00 
nN HCl was added. After incubation at 5° for 24 hours the activity" was 
[Xt. u.Jmg. = 0.0028. (A control sample of untreated chymotrypsinoge! 


1 The activities are expressed on the basis of the weight of the chymotrypsinoge® 
used to convert to the active enzyme. 
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which was converted under the same conditions gave an identical activity.) 
The chymotrypsin was incubated with 0.00005 m DFP at 25° for 20 min- 
utes, after which no TEE activity was detectable. 

In another experiment 2.4 gm. of chymotrypsinogen were dissolved in 
160 ml. of 0.2 m phosphate buffer at pH 7.7 and then treated with suffi- 
cient DFP to give a final concentration of 0.001 mM. After 24 hours the pH 
was adjusted to 5.0 with 2 m H,SO,, and 78 ml. of saturated ammonium 
sulfate were added. On standing at 5° for 24 hours, typical chymotryp- 
sinogen crystals formed. <A further crop of crystalline chymotrypsinogen 
was obtained by precipitating the residual protein in the mother liquor by 
0.9 saturation with ammonium sulfate and treating this precipitate accord- 
ing to the method of Kunitz and Northrop (12). The crystalline material 
was suspended in water, exhaustively dialyzed against water, and lyo- 
philized. ‘The yield was 870 mg. or 36 per cent. On conversion to chymo- 
trypsin with trypsin under conditions similar to the above, but for 48 
hours (longer incubation failed to cause an increase in activity), the aetiv- 
ities" were [Xt. u.J22 = 0.0047 and [Xt. U.|mg. = 0.0049. A control 
sample of untreated chymotrypsinogen gave 10 per cent less esterase activ- 
ity but an identical proteinase activity. On treatment with DFP to give 
a concentration of 0.00005 mM and with a concentration of 1 mg. of enzyme 
per ml., both the chymotrypsin of the control and also that derived from 
the DFP-treated chymotrypsinogen were completely inhibited. Hence, 
if there was a reaction between DFP and chymotrypsinogen, it did not 
affect the conversion to active chymotrypsin, or the inhibition of the re- 
sulting enzyme by DFP. 

Effect of DFP on Trypsin and Acetylated Trypsin—Contrary to the re- 
sults observed with acetylesterase (6), the pH of the reaction contributed 
greatly to the inhibition of trypsin by DFP. When trypsin (0.025 mg. 
per ml.) was incubated in 0.0001 m DFP at pH 3.5, 4.5, 5.0, and 6.0 for 
20 minutes prior to assay, it was found that 0, 9, 23, and 67 per cent inhi- 
bition had occurred. However, because of the well known instability of 
trypsin at pH values close to neutrality, a compromise at pH 5 was used 
for the results reported here. For this reason the results on trypsin are 
hot quantitatively comparable to those obtained with chymotrypsin, as in 
the latter case it was possible to use a pH at which the reaction with DFP 
proceeded rapidly, yet at which the pH was without effect on the chymo- 
trypsin. 

In Fig. 1 typical results are presented of the inhibition of trypsin and 
acetylated trypsin with DFP. The inhibition reactions proceeded as 
bimolecular reactions similar to that observed for the inhibition of acetyl- 
esterase (6). Incubation of trypsin in the presence of 4 x 10-4 m DFP 
was sufficient to cause well over 80 per cent inhibition in 24 hours. On 
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the other hand, acetylated trypsin was inhibited at a much slower rate with 

a given concentration of DFP. At a DFP concentration of 4 &K 10“ y 

the inhibition did not go over 50 per cent and was incomplete even at 10 x 
10-*m DFP. Furthermore, the inhibitions of the two activities were not 
parallel as in-the case of unchanged trypsin. The reason for these differ. | 
ences is not apparent. However, the sample of acetylated trypsin (7), in | 
which essentially only amino groups were acetylated (amino N had been 
decreased from 1.2 to 0.4 per cent), and which had been stored in the eold 
for several months, had the activities [T. uJ py = 0.085 and un 
= 1.59. The ratio of TSAME:Hb was 18.7. The activities of trypsin | 
are [T. u.jne’pn. = 1.75 and [T. u.Jhe px = 0.17, giving a ratio of 103. 
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Fic. 1. The inhibition of the esterase and proteinase activities of trypsin and 
acetyl trypsin by DFP. The concentration of trypsin was 0.004 mg. of protein nitro- 
gen per ml. in 0.2 mM acetate buffer at pH 5.0. The concentration of acety! trypsin was 
0.003 mg. of protein nitrogen per ml. in the same buffer. 
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In conjunction with Fraenkel-Conrat, the effect of acetylation on the 
activities of trypsin was studied further. It was found in two additional 
experiments that freshly prepared acetyl trypsin (acetylated to the same 
extent as the above) had an esterase activity identical to that of untreated 
trypsin but a proteinase activity of approximately 50 per cent. The acetyl 
trypsin was less prone to autolysis in solution than is trypsin. The activ- 
ity-substrate-concentration relationship was the same for the hydrolysis 
of TSAME or hemoglobin by trypsin and acetyl trypsin. Hence the de- 
crease in the proteinase activity of acetyl trypsin was real and not due to 
difference in the affinity of enzyme for the substrates. 

Effect of DFP on Chymotrypsin—The effect of pH on the inhibition of 
chymotrypsin by DFP was similar to that observed with trypsin. The 
most effective pH for the inhibition reaction was 7.5. Since chymotryps2 | ™ 
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is stable at this pH, all the experiments with chymotrypsin were carried 
out at pH 7.5 to 7.7. 

In Fig. 2 the results obtained on the inhibition of a-chymotrypsin by 
DFP are presented. A 20 minute exposure period of enzyme to DFP was 
used prior to assay. Unlike acetylesterase (6), and trypsin (Fig. 1), the 
reaction of DFP with chymotrypsin was finished in less than 5 minutes. 
At the low concentrations of DFP used in this experiment, longer incuba- 
tion periods failed to cause any further inhibition. ‘The esterase and pro- 
teinase activities of the chymotrypsin were essentially equally inhibited at 
any given concentration of DFP (Fig. 2). Hence both activities of chymo- 
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NEGATIVE LOG. MOLAR CONC. OF DFP 
Fic. 2. The inhibition of the esterase and proteinase activities of a-chymotrypsin 
by DFP. The concentration of d-chymotrypsin was 0.060 mg. of protein nitrogen 
per ml. in 0.2 m phosphate buffer at pH 7.7; the time of exposure was 20 minutés 
at room temperature. 


trypsin appear to involve the same active centers. The point of 50 per 
cent inhibition was found to be 8 X 10°*m DFP. When the molar ratio 
of DFP to chymotrypsin (with use of 27,000 for the molecular weight of 
chymotrypsin,'? which has a nitrogen content of 15.83 per cent (13)) was 
1:1, practically total inhibition occurred. This is indeed a small amount 
of inhibitor, and indicates that there are not more than one or possibly two 
active centers in the chymotrypsin. 

A similar experiment with 6-chymotrypsin gave identical results. The 
curves obtained with an equal quantity of 8-chymotrypsin were practically 
superimposable on those presented in Fig. 2. 

Isolation of Crystalline DF P-Inhibited Chymotrypsin—A solution of 0.855 


*We have recently found that the molecular weight of the chymotrypsin prep- 
aration we used is 27,000 + 1000, rather than 40,000 (13). 
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gm. of chymotrypsin (= 0.0317 mm of the enzyme) was prepared in, 509 
ml. of 0.2 m phosphate buffer at pH 7.7. To this, 0.050 mm of DFP was 
added in two portions with a 30 minute interval. The solution was they 
stored at 5° for 18 hours, when 98 per cent of the enzyme was found to be 
inhibited. ‘The protein was precipitated from solution by 0.7 saturation 
with ammonium sulfate. After filtration the protein was crystallized twice 
according to the method of Kunitz and Northrop (12) for a-chymotrypsin, 
Although the resulting crystals were indistinguishable from normal o.- 


TABLE I 


Effect -_ DFP, TEP, and Parathion on Liver Esterase, oe and Trypsin 


pK of inhibition by 


ii t 
| a. ate Parathion 
Esterase (liver)*.._. <6.0 6.0 10 
Acetylesteraset. 4.3 6.0 t 


*This enzyme preparation was obtained from guinea pig livers. Diacetin was 
used as a substrate. 

+ The acetylesterase was a partially purified enzyme preparation obtained from 
oranges (14). The values are those previously reported (6). 


t The inhibitors in a concentration of 1 X 10 *™ were without effect on these en- 


zymes. 


chymotrypsin, the crystallization was more complete than with a control 
sample of a-chymotrypsin. Very little protein remained in solution under 
the conditions used, and the solubility had been appreciably changed. 


The inhibited enzyme was then dissolved in approximately 50 ml. of water | 


and dialyzed in cellophane tubing against cold dilute hydrochloric acid 
at pH 3.5 for several days and then dialyzed exhaustively against water. 
The aqueous solution was finally lyophilized. Approximately 50 per cent 
of the protein was recovered. After the dialysis and lyophilization, it was 
completely inactive, as measured with hemoglobin and with TSAME. 
The inert (inhibited) protein was also mixed with active a-chymotrypsit 
in equal amounts and assayed. The activities obtained on both types o 
substrate were identical to those obtained when no DFP-inhibited chymo- 
trypsin was present. Hence, no excess of DFP was present in the inert 
protein. 

Effect of DFP, TEP, and Parathion on Several Esterases—-The effect of 
these phosphate ester inhibitors was determined on liver esterase, acetyl 
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esterase, and trypsin. The results (Table I) show that, at least in the con- 
centrations studied, only DFP inhibited trypsin. Acetylesterase was in- 
hibited only by DFP and TEP, whereas all three inhibitors were effective 
on liver esterase, but the pk value differed for each inhibitor. The reason 
for the varied response to the several inhibitors is not apparent. 


DISCUSSION 


Many differences in the behavior of several esterases to inhibitors of the 
phosphate-ester class are now apparent. It cannot yet be concluded 
whether these differences reflect various reactions of the inhibitors, or a 
different effect of the same reaction on each enzyme. It may be noted, 
however, that DFP, the most general of these inhibitory phosphates, is 
not consistent in its effects. With acetylesterase, the inhibition is quite 
independent of pH; with trypsin or chymotrypsin the inhibition is de- 
pendent upon pH. 

All of the results reported here are in accord with the hypothesis that 
the proteolytic and esterolytic activities of trypsin or chymotrypsin reside 
in the same active centers, except the anomaly of acetyl trypsin, in which 
the acetylation had reduced the proteolytic but not the ester-splitting activ- 
ity. We are inclined to believe that some explanation of this behavior in 
accordance with the hypothesis of identity between ester and protein- 
splitting centers should be sought. The argument that this acetyl trypsin 
is not a unit substance does not appear to carry much weight. Whether 
irregularly acetylated or contaminated by inhibitory impurities, the fact 
remains that, if only one active group is involved, the involvement should 
nevertheless apply to both reactions. 

It has been shown that the esterase activity of the acetylated protein 
was about double the proteinase activity, when compared with normal 
trypsin. The esterase activity of the acetylated protein was also harder 
toinhibit by DFP than its proteinase activity. In fact the activities could 
not be completely inhibited by DFP in any reasonable concentration. 

On the other hand, the evidence (as presented here and also as given by 
Fraenkel-Conrat et al. (7)) indicates rather conclusively that acetyl groups 
do not combine with the enzyme at the same point as does DFP. The pres- 
ence of acetyl neither destroys enzymic activity nor prevents subsequent 
inhibition with DFP. A reasonable explanation of the facts as known is 
that some of the acetyl groups occupy a strategic position with respect to 
the proteolytic (and esterolytic) center. By virtue of this position, the 
approach of ovomucoid to the functional group is prevented and that of 
hemoglobin considerably restricted, while access of DFP to the functional 
group is much less impaired and access of ester substrate molecules is not 
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impaired at all. If this represents the true state of affairs, it is obvious 
that the size of the molecule approaching the functional group is of impor. 
tance, but not entirely critical; otherwise DFP inhibition should be as easily 
obtained with acetyl trypsin as with the original enzyme. 

It now appears in the case of chymotrypsin and DFP that a definite and 
probably stoichiometric compound of enzyme and inhibiting ester is formed, 
It seems to us a good working hypothesis to consider that the enzyme com- 
bines with DFP at the same point as it does with a hydrolyzable ester. 
In one case, however, hydrolysis takes place with subsequent release of 
the reaction products by the enzyme, while on the other hand the DFP 
complex could remain unaltered because of the inability of the enzyme to 
hydrolyze it. Such a combination could be irreversible (as the DFP in- 
hibition is found to be), and the active centers so covered would then be 
unavailable for esterolysis. Such a hypothesis must include prominently 
the possibility that DFP combines with the active group in a manner un- 
like that of a hydrolyzable ester with the esterase (for instance by the elim- 
ination of fluorine). This would at least explain the difference in inhibi- 
tory effect between DFP and the other phosphates tested. It must be 
admitted, however, that no positive evidence yet exists that DFP does 
not react with a neighboring group and thus interfere with the enzyme 
action by an effect akin to steric hindrance. In any event a complete 
understanding of the mode of action of DFP on esterases may well lead 
to an understanding of their mode of action. 


SUMMARY 


1. DFP was found to be without effect on chymotrypsinogen. After 
treatment with a relatively large amount of DFP, chymotrypsinogen was 
again crystallized and then converted to normal chymotrypsin by the action 
of trypsin. 

2. Trypsin was inhibited by minute amounts of DFP. The inhibition 
was greater at neutrality than at acid pH values. However, because of 
the instability of trypsin at neutrality, it was necessary to carry out the 
inhibition studies at pH 5.0. At this pH the inhibition was progressive 
with time, and was essentially complete in 24 hours at a concentration of 
DFP of 4 X 10-*m. The esterase and proteinase activities of trypsin were 
equally affected, showing that the two activities probably reside in the 
same active centers of the molecule. 

3. Acetyl trypsin, in which most of the amino groups had been acetylated, 
required higher concentrations of DFP for inhibition, and the inhibition 
was never observed to be as complete as with trypsin. Acetylation of 
trypsin caused a decrease in proteinase activity without affecting that o 
the esterase. In spite of this anomaly, the esterase and proteinase actiV- 
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ities are thought to reside in the same active center of trypsin. The rea- 
sons for this hypothesis are discussed. 

4, Chymotrypsin is inhibited by DFP. The inhibition is greatest at 
pH 7.5 to 7.7. The enzyme was 50 per cent inhibited by 8 X 10° Mm 
DFP. The inhibition of chymotrypsin proceeded much more rapidly than 
with trypsin. Approximately 1 mole of inhibitor was required for com- 
plete inhibition of chymotrypsin. Both a- and 6-chymotrypsin were sim- 
larly inhibited by DFP. The esterase and proteinase activities were 
equally inhibited by DFP, showing the probable identity of the two ac- 
tivities. 

5. a-Chymotrypsin, completely inhibited by DFP, was crystallized there- 
after by the procedure used with the active enzyme. After a recrystalli- 
zation, dialysis, and lyophilization, the enzyme was still completely in- 
hibited. The crystalline DFP-inhibited chymotrypsin is being used in a 
study of the mode of action of DFP on enzymes. 

6. Of the three inhibitors, DFP, TEP, and parathion, only DFP was 
inhibitory to trypsin. Both DFP and TEP inhibited acetylesterase, 
whereas all three were effective on liver esterase. 
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MODE OF INHIBITION OF CHYMOTRYPSIN BY DIISOPROPYL 
FLUOROPHOSPHATE 


I. INTRODUCTION OF PHOSPHORUS* 


By EUGENE F. JANSEN, M.-D. FELLOWS NUTTING, anp A. K. BALLS 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department 
of Agriculture, Albany, California) 


(Received for publication, January 7, 1949) 


It has been previously shown that the esterase and proteinase activities 
of trypsin and chymotrypsin (1, 2) were equally inhibited by diisopropyl 
fuorophosphate (DFP) (3). With chymotrypsin, 50 per cent inhibition 
occurred when 0.55 mole of inhibitor per mole of enzyme!’ was used at 
pH 7.7. On the basis of a linear relationship between the per cent inhi- 
bition and the concentration of DFP, 1.1 moles of inhibitor would be needed 
for complete inhibition. Crystalline DFP-inhibited chymotrypsin was 
obtained by the reaction of DFP slightly in excess of 1 mole to 1 mole of 
enzyme. This reaction product remained completely inactive either as an 
esterase or proteinase after recrystallization, dialysis, and lyophilization. 
Furthermore, it did not inhibit active chymotrypsin when mixed there- 
with. 

On the other hand, DFP was without effect on crystalline chymo- 
trypsinogen. After treatment with DFP, this zymogen could again be 
crystallized and converted by the action of trypsin to chymotrypsin. 
The resulting enzyme was found to be just as active and just as susceptible 
to inhibition by DFP as that resulting from untreated chymotrypsinogen. 
From this it was concluded that if there was a reaction between DFP and 
chymotrypsinogen, it did not affect the conversion to the active chymo- 
trypsin or the inhibition of the resulting enzyme by DFP (3). 

By the use of DFP containing radioactive phosphorus (P**) it has now 
been shown that the phosphorus moiety of DFP is firmly attached to the 
crystalline DFP-inhibited chymotrypsin. Furthermore, the amount of 
phosphorus bound (after treatment of chymotrypsin with a small excess of 
DFP) in the twice crystallized, dialyzed, and completely inhibited enzyme 
was found to be 1.1 moles per mole of enzyme, a result which is in good 
agreement with the amount previously calculated on a stoichiometric basis 
from the 50 per cent inhibition value. 


* Enzyme Research Division Contribution No. 119. 
‘We have recently found that the molecular weight of the chymotrypsin prep- 
‘ration we used is 27,000 + 1000, rather than 40,000 (4). 
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Chymotrypsinogen, when treated with radioactive DFP under condi- 
tions identical with those used for the chymotrypsin, did not react with the 
DFP as shown by the failure of the chymotrypsinogen to become radio- 
active. Therefore, as suggested previously (3), the conversion of the 
zymogen to the active enzyme liberates not only the groups responsible 
for activity but also those which react with DFP. 

The attachment of the phosphorus moiety of DFP during the inhibition 
reaction of chymotrypsin is suggestive that the mode of action of DFP js 
not the same as that of hexaethyl tetraphosphate (HETP). Brauer (5) 
has found that in the inactivation of human plasma cholinesterase with 
HETP containing P® no stable combination between the esterase and a 
phosphorus-containing moiety of HETP took place. He suggested that 
the mechanism of HETP inhibition involved an exchange reaction between 
an active hydrogen of the protein and an alkyl group of the inhibitor. 
Since tetraethyl pyrophosphate (TEP), the active constituent of HETP, 
was found to be without effect on chymotrypsin (3), it is apparent that the 
mechanism of DFP and TEP inhibition must differ. 


Materials and Methods 


The crystalline chymotrypsin? (57 per cent enzyme) was obtained as a 
dry filter cake. The crystalline chymotrypsinogen* was recrystallized 
seven times after receipt, and then exhaustively dialyzed and lyophilized. 
The proteinase and esterase activities were determined by the methods de- 
scribed previously (3). The radioactive DFP,‘ which contained approxi- 
mately 1 millicurie per 25 mg., was made up to be 0.0108 m in isopropanol. 
The radioactivity determinations were made with a Geiger-Miiller scaler. 
All the countings for the chymotrypsin experiment were carried out within 
a few hours at the end of the experiment. Similarly, the countings of the 
chymotrypsinogen experiment were completed within a few hours, but ata 
later date. 


EXPERIMENTAL 


Inhibition of Chymotrypsin by Radioactive DF P—-To a solution of | gm. 
of chymotrypsin preparation (570 mg. or 0.0211 mM of enzyme’) in 333 ml 
of 0.2 m phosphate buffer at pH 7.7, 3.3 ml. of 0.0108 m radioactive DFP 


2 Purchased from the Armour Laboratories, Armour and Company, Chicago, 
Illinois. 

* Purchased from the Plaut Research Laboratory, Lehn and Fink Products 
Corporation, Bloomfield, New Jersey. 

‘Obtained through the courtesy of Dr. Bernard J. Jandorf, Biochemistry Sec- 
tion, Medical Division, Army Chemical Center, Edgewood, Maryland. 

‘ The nitrogen content of chymotrypsin is 15.83 per cent (4). 
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were added. The total count of the reaction mixture was 2.65 < 10° per 
minute. From a separate count of an aliquot of the DFP solution, inac- 
tivated with alkali, the count of the amount of DFP added was 2.67 x 10° 
per minute; hence the reaction mixture had the correct count. After in- 
cubating overnight at approximately 20°, the esterase activity had been re- 
duced by more than 95 per cent. The reaction mixture was adjusted to 
pH 4.0 with 5 n H,SQ, and the protein precipitated therefrom by 0.8 
saturation with ammonium sulfate. The filtrate, which was essentially 
free of protein, had a total count of 0.74 X 10° per minute, or 27.9 per cent 
of that of the reaction mixture. Hence, 0.025 mm of DFP had reacted 
with 0.0211 mm of chymotrypsin. Therefore the molar ratio of the phos- 
phate moiety of the DFP combined with the chymotrypsin was 1.2. The 
protein filter cake was then crystallized by the method used for the active 
enzyme (6). After one recrystallization the inert protein crystals were 
indistinguishable in form from those of activea-chymotrypsin. The crys- 
talline product was dissolved in 30 ml. of water and dialyzed against dilute 
HCl at pH 3.5 for 4 days in the cold, the dilute HCl solution being changed 
daily. After the Ist day the HCI solution had a negligible radioactivity. 
The inert protein solution was then dialyzed against cold 0.01 m phosphate 
buffer at pH 3.5 for 1 day longer. The resulting protein solution, which 
was still completely inactive, had a count of 2.48 XK 10‘ counts per minute 
per ml. and a nitrogen content of 1.32 mg. perml. The count corresponded 
to 3.31 X 10-4 mm of DFP and the nitrogen to 3.08 K 10-4 mo of protein. 
Hence the molar ratio of DFP to chymotrypsin in this final product was 
1.08:1. Therefore, it is clear that the phosphorus moiety of the DFP was 
introduced into the chymotrypsin and that the amount of phosphorus so 
introduced corresponded to the amount of DFP necessary to cause com- 
plete inhibition of the chymotrypsin (3). 

Failure of Radioactive DFP to React with Chymotrypsinogen—A solution 
of crystalline chymotrypsinogen (500 mg. in 333 ml. of 0.2 m phosphate 
buffer at pH 7.7) was treated with 3.3. ml. of 0.0108 m radioactive DFP. 
After standing for 24 hours at approximately 20° the pH of the solution was 
brought to 4.8 by the addition of 2m H.SQ,. The protein was precipitated 
by 0.8 saturation with ammonium sulfate. After filtration an aliquot of 
the protein-free filtrate and an aliquot of the DFP solution, inactivated by 
alkali, were examined for radioactivity. The total count of the filtrate 
was found to be 1.88 X 10° per minute and that of the DFP added was 
1.97 X 10° per minute. Hence, less than 5 per cent of the DFP was taken 
up by the chymotrypsinogen, whereas chymotrypsin under the same con- 
ditions would have reacted with approximately 70 per cent of the DFP. 


a there is very little, if any, reaction between chymotrypsinogen 
DFP. 
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SUMMARY 


By the use of radioactive DFP it was found that the phosphorus of DFP 
was introduced into crystalline chymotrypsin by the inhibition reaction of 
DFP on chymotrypsin. The amount of phosphorus introduced was 1.] 
moles per mole of enzyme. This amount of phosphorus corresponds to 
the amount of DFP previously found necessary to inhibit chymotrypsin 
completely. Chymotrypsinogen under the same conditions did not react 
with DFP. Hence the conversion of the zymogen to the active enzyme 
liberates not only the groups responsible for activity but also those with 
which DFP reacts, the two possibly being the same. 

It is suggested that the mode of action of DFP may well differ from other 
phosphate ester inhibitors. 


We are indebted to Dr. Bernard J. Jandorf of the Medical Division, 
Army Chemical Center, Edgewood, Maryland, for supplying us with the 
radioactive DFP used in this work and to Dr. Bernard Axelrod of the En- 
zyme Research Division, for making the counts of radioactivity. 
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CALCIFICATION OF TEETH 


lI. X-RAY DIFFRACTION PATTERNS IN RELATION TO CHANGES IN 
COMPOSITION* 


By ALBERT E. SOBEL, ALBERT HANOK, HOWARD A. KIRSHNER, anpb 
I. FANKUCHEN 


(From the Department of Biochemistry and the Pediatric Research Laboratory, The 
Jewish Hospital of Brooklyn, and the Department of Chemistry and the Division 
of Applied Physics, the Polytechnic Institute of Brooklyn, New York) 


PLATES 1 AND 2 


(Received for publication, December 18, 1948) 


The purpose of the present investigation was to study the x-ray diffrac- 
tion patterns of teeth in relation to changes in composition induced by diet. 

Previous studies showed that the composition of the upper incisors of 
the albino rat can be influenced by the Ca:P ratio of the diet (1). Ina 
typical experiment the mean values of the PO,:2CO,; ratios for enamel 
(used as an index of n in the apatite formula [Ca3(PO,)2], {CaCO ]) varied 
from 3.71 on the high Ca:P diet to 7.72 for the low Ca:P diet, and for the 
corresponding dentins the mean values of these ratios varied from 5.47 
to9.31. There was no significant influence of the diet on the Ca:PO, 
ratios of the teeth. The residual Ca:PO, ratios of the enamel were higher 
and those of the dentin lower than the theoretical 1.50 in the apatite 
formula 

In the present study, the compositions of the enamels and dentins 
obtained (Table I) are in essential agreement with results obtained previ- 
ously; namely, for rats fed the high phosphorus-low calcium diet (Diet C), 
the PO,:2CO; ratios of both enamel and dentin are higher than the corre- 
sponding ratios for rats fed the low phosphate-high calcium diet (Diet B) 
(1). The Ca:PO, ratios of all enamels are higher than for the corre- 
sponding dentins. 

For purposes of comparison, enamel and dentin of young rats (of the 
same age as the experimental animals), raised on our stock diet (2), were 
analyzed (Table I). The mean value of the Ca:PO, ratio of the enamel 
in Experiment 1 is 1.47 and in Experiment 2, 1.53. This is distinctly 
lower than any ratio we observed for the enamel of rats on the experimental 
diets, both in the present study and in the previous investigation in which 
the relation of the composition of blood, teeth, and diet was established 


* Supported in part by a grant from Endo Products, Inc., Richmond Hill, New 


York, and the Williams-Waterman Fund for the Combat of Dietary Diseases, Re- 
search Corporation, New York. 
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(1). The Ca:PQ, ratio for dentin is 1.20 for Experiment 1 and 1.21 for 
Experiment 2. These are also lower than the values obtained for the dentin 
of animals on the experimental diets (1). 

Results show that prior to ignition the predominant x-ray diffraction 
pattern is that of apatite in all cases, the lines being more distinct in the 
enamel than in the dentin (Table I; Figs. 1 and 2). This distinctness of 
lines has been observed previously and is due to the lower percentage of 
organic matter in the enamel (1, 3-8). The fact that the predominant 


TaB_e I 
X-Ray Diffraction Patterns of Teeth of Various Compositions 


Serum | X-ray patterns 
Diet Specimen PO«:2COs| Ca: POs 
POCOs | Ca:PO. After ignition 
B 0.019 6.91 | Enamel 4.01 1.70 | Apatite | Apatite 
Dentin 4.55 1.35 B-Ca;(PQ,)s 
C 0.093 0.615 Enamel 5.40 1.67 ” Apatite 
Dentin 7.50 1.39 4 8-Cas(PO,)s 
Stock. 0.112 1.10 | Enamel 5.21 1.47 
peri- Dentin 6.15 1.20 
ment 1 | | 
Experi- 0.121 1.09 Enamel 8.34 1.53 | 
ment 2 Dentin | 12.01 | 1.21 
Composition of Diets 
Diet Calcium | Phosphorus Ca:P 
B | 4.60 
C | 0.028 | 0.841 0.026 
Stock. Experiment 1 0.369 | 0.398 0.72 
2 | 0.282 | 0.380 0.58 


pattern is that of apatite, in spite of wide variations of composition, can be 
interpreted to mean either that the crystalline form is the same regardless 
of composition or that x-ray powder diagrams cannot reveal fine differ- 
ences in crystalline structure. The persistence of apatite as the main solid 
structure of teeth has been shown before (9, 10). This was true even when 
considerable changes in composition took place under the influence of sodium 
fluoride (11). The situation seems to be analogous to that of bone (12) 
in which, in spite of wide variations in composition, all x-ray evidence t0 
date (9, 10) indicates that bone salts are present in an apatite structure. 


| 
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There are a number of factors that may account for the predominance 
of the apatite structure in spite of wide variations in composition. Apatite 
may be considered a continuous series of solid solutions in which the compo- 
sition of the solid reflects the composition of the liquid with which it is in 
equilibrium (9). Ionic exchange between the liquid and solid phase has 
been indicated (13) and may be a cause of further changes in composition. 
Adsorption is an added factor that must be considered in accounting for 
the variation in the composition of tooth salts (3, 14, 15). The experi- 
ments of Logan and Taylor (16) with inorganic models indicate that the 
calcium carbonate portion of the tooth may be adsorbed or at least be 
present in higher concentrations on the surface than in the interior of the 
tooth. Walden and Cohen (17) have shown that the constituents adsorbed 
on the surfaces of crystals cannot be detected by means of x-ray powder 
diffraction. 

After ignition, the dentin of all groups and the enamel of the group on 
the stock diet showed 8-Ca;(PO,)2, while the enamel of animals on both the 
low calcium-high phosphorus diet and the high calcium-low phosphorus 
diet continued to give apatite patterns (Table I; Figs. 1 and 2). The 
occurrence of 8-Ca3(POx)2 on ignition appears to be a function of the Ca: PO, 
ratios. Hodge and coworkers (18), working with calcium phosphate pre- 
cipitates of varying composition, showed that when the Ca:PQ, ratio! 
was less than 1.50 the pattern on ignition was always, that of B-Ca,(PQ,). 
When the ratio was between 1.50 and 1.59, the pattern was predominantly 
that of 8-Ca3(PO,)2, and when above 1.59, the ignited specimen continued 
to give apatite patterns. If one reexamines the data of Dallemagne and 
Brasseur (19), it is seen that bone, which after treatment with KOH in 
glycerol had a Ca: PO, ratio of 1.73,' on ignition gave an apatite pattern. 
After treatment with hydrochloric acid (which removed the carbonate) and 
washing with water, the residue of the original bone had a Ca:PQO, ratio 
of 1.50 and on ignition gave a B-Ca3(PO,4)2 pattern. Similarly pure 
Ca;(PO,)2, which they prepared with an actual ratio equal to the theoreti- 
cal of 1.50, gave B-Ca;(PO,)2 on ignition. When this substance was hy- 
drolyzed with alkali, the resulting compound had a ratio of 1.67 and gave 
the apatite pattern on ignition. When this precipitate was treated with 
hydrochloric acid so that the residue once more had a ratio of 1.50, and then 
ignited, the 8-Ca;(PO,)2 pattern was again obtained. Hirschman and his 
coworkers (20) showed that when commercial apatite with a Ca:PO, 
ratio of 1.67 was ignited the apatite pattern was obtained. When this 
was mixed with CaH PO, so that the resulting mixture had a Ca: PQ, ratio 

of 1.51 and then ignited, the 8-Ca;(PO,)2 pattern predominated. Thus it 
appears that the Ca: PO, ratio of such compounds is the predominant factor 


‘Weight ratios given by the authors are converted to molar ratios. 
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that decides whether on ignition one obtains a 8-Ca3(PO,)2 or an apatite 
pattern. The pattern of the ignited product may therefore be used as an 
indirect index of the Ca: PQ, ratio. 

In connection with the analyses obtained for the rats on the stock diet 
of Bills et al. (2), it may be worth referring to the discussion in our earlier 
paper (1), where it was postulated that, while the PO4g:COs; ratio of the 
blood serum will have an influence on the composition of the tooth on 4 
given diet, the components of the diet, other than calcium and phosphorus, 
are likely to influence the type of relationship that will be found between 
blood and teeth. On comparing all results in Table I it is seen that al- 
though in Experiment 1, on the stock diet, there is a slight deviation, the 
PO,: 2CO; ratios of enamel and dentin change in the same direction as do 
serum PO,:CO; ratios. 

Both enamel an : dentin of the group on the stock diet have distinctly 
lower Ca: PQ, ratios than those obtained for the corresponding enamel and 
dentin in any of the experimental groups (Table 1) (1). These differences 
cannot be due to the Ca:P ratio of the stock diet, since this ratio was 
covered by the range of ratios in the experimental Diets B, C, and D (1). 
They might be due to other differences between the experimental and the 
stock diets. The main ingredients of the Bills stock diet (dried milk, 
crude casein, whole yellow corn, alfalfa, and cottonseed meal) are different 
from those of the experimental diets (degerminated vellow corn-meal, 
wheat gluten, and brewers’ yeast) (1, 2). Thus differences in Ca:PO0, 
ratios for the enamel and dentin of the rats on the stock diet and those on 
the experimental diets (Table I) may be accounted for by differences 
between the composition of the stock diet and experimental diets other 
than calcium and phosphorus. 

The difference in the PO,:2CO; ratios of the enamel and dentin of the 
two groups on the stock diet raises a similar question. In the experimental 
diets the same batch of ingredients was used throughout a given exper- 
ment. Only the calcium and phosphate content was changed by the 
addition of salts. For the stock diet, however, different batches of the 
ingredients were used in the two experiments carried out 6 months apart. 
Each one of the main ingredients can undergo variation from bateh to 
batch and the composition of two stock diets may therefore be different. 

It must be added that the possibility that seasonal variations cause 
changes in the composition of teeth cannot be excluded. Blincoe e a. 


(21) have shown that the calcium and inorganic phosphorus of serum are — 


influenced by environmental temperature. 
A systematic study of the influence of not only the Ca:P ratios of the 


diet but also that of other components (vitamins, proteins, fats, carbo | 
hydrates, and trace minerals) may throw further light on the subject 


| 


_ 
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EXPERIMENTAL 


Young rats, of an original Wistar strain, 21 to 23 days of age, kept on 
the Bills stock diet (2), were weaned and placed on one of the experimental 
diets. Diets B and C were essentially the same as that described before 
(1) except that the basal diet (used in making up the experimental diets) 
had 0.20 per cent phosphorus compared to 0.118 per cent in the previous 
basal diet (1). The stock group was fed the Bills diet (2). The calcium 
and phosphorus content of the diets is given in Table I. 

Forty-eight animals were placed on Diet B, forty-nine on Diet C, and a 
total of 58 on the stock diet (twenty-two in Experiment 1, and, 6 months 
later, thirty-six in Experiment 2). The animals were sacrificed at the end 
of 45 days and the blood and teeth from the rats in each group were pooled, 
sampled, and analyzed as previously described (1). Mean values for 
duplicate analyses of replicate samples are reported in Table I. 

Powder diffraction patterns were made on both ignited and unignited 
specimens, ground to pass a 250 mesh sieve, by means of a 57.3 mm. 
Debye-Scherrer camera (22). The samples were mounted in thin walled 
capillaries and nickel-filtered copper radiation was used. Exposures were 


of 3} hours duration. Ignition was conducted in platinum crucibles for 
2} hours at 900°. 


SUMMARY 


1. X-ray powder diffraction patterns of enamel and dentin of widely 
varying composition gave apatite as the dominant pattern. The teeth 
used were the upper incisors of albino rats of the Wistar strain. 

2. After ignition at 900°, the predominant pattern was apatite when the 
Ca:PO, ratio was more than 1.60 and was B-Ca;(PO,). when the ratio was 
1.53 or less. These findings are in harmony with those obtained by other 
investigators using inorganic calcium phosphate. 

3. The pattern obtained after ignition at 900° appears to be an index of 
the Ca: PO, ratio. 

4. It was again possible to show a relationship between PO,:2CO; 
ratios of enamel and dentin and PO4:CO; ratios of serum. 

o. The differences in Ca: PO, ratios of the enamel and dentin obtained 
from animals on experimental diets and the animals on the stock diet 


_ Siggest the importance of examining the influence of not only the Ca:P 


ratios of the diets but also that of the other components (vitamins, proteins, 


_ fats, carbohydrates, and trace minerals). 
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EXPLANATION OF PLATES 
PLate 1 
Fie. 1. X-ray diffraction patterns of teeth from rats on Diets B and C. A, 
Diet B; C, Diet C; D, dentin; £, enamel; /, ignited at 900°. 
PLATE 2 | 


Fic. 2. X-ray diffraction patterns of teeth from rats on stock dict. R, rat; &, 
enamel; D, dentin; /, ignited at 900°. 
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URINARY PHENOLS 


IV. THE SIMULTANEOUS DETERMINATION OF PHENOL AND 
p-CRESOL IN URINE* 


By E. G. SCHMIDT 


(From the Department of Biological Chemistry, University of Maryland, 
School of Medicine, Baltimore) 


(Received for publication, December 27, 1948) 


Phenol and p-cresol constitute the volatile urinary phenols. The rela- 
tive amount of each compound, however, is not definitely known, since 
the reported values are based on unreliable or non-specific methods (1-3). 
The inadequacy of these methods has been discussed recently by War- 
showsky and Schantz (4). These workers determine phenol and m-cresol 
in bacteriological materials by a counter-current distribution technique. 
The present paper describes a simple, differential, colorimetric method for 
the simultaneous determination of phenol and p-cresol in urine. It con- 
sists in the determination of the total phenolic value both as phenol and as 
pcresol by two different colorimetric procedures. Simultaneous equa- 
tions arising from these determinations are readily solved because the ratios 
of the values for phenol to p-cresol given by each procedure differ consider- 
ably. These ratios were obtained by the analysis of aqueous solutions of 
phenol and p-cresol of known concentrations. A study of absorption spec- 
tra of chromogens produced by phenol and p-cresol with various reagents, 
including studies reported in the literature (4-5), indicated that the method 
of determining components of a binary mixture by measurements at two 
appropriately chosen wave-lengths was not feasible. 


EXPERIMENTAL 


Analysis of Phenol-p-Cresol Mixtures Prepared from Known Solutions— 
After considerable preliminary experimentation, procedures utilizing the 
Folin-Ciocalteu reagent (6) and diazotized sulfanilic acid (7) were adopted. 
Aqueous solutions, and also urines, containing varying amounts of purified 
phenol and p-cresol were analyzed with these reagents according to the 
distillation procedure of Volterra (8) and the ether extraction method of 
Schmidt (9). In the distillation method measured amounts of the phenol 
and p-cresol solutions were mixed and diluted with water to 200 ml. The 
pH was adjusted to 1 with sulfuric acid. The solution was refluxed for 30 
minutes in an all-glass apparatus and then distilled. Six 100 ml. fractions 
of distillate were collected. Water was added during the distillation. 


* Aided by a grant from the Bressler Alumni Research Fund. 
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About 80 per cent of the phenols came over in the first two fractions. | 
ml. of the Folin-Ciocalteu reagent (diluted 1:1 with water) and 2 ml. of 
20 per cent sodium carbonate were added to 10 ml. of pooled distillate, 
A blank was also prepared. The tubes were placed in boiling water 
for exactly 1 minute and then immediately cooled (8). The blue solu- 
tions were read in a Klett-Summerson photoelectric colorimeter which 
contained the red light filter No. 66 (640 to 700 mu). The instrument was 
first adjusted to zero with the blank. 

In the second colorimetric procedure 5 ml. of alcohol and 3 ml. of freshly 
distilled ether were added to 2 ml. of pooled distillate, and also to 2 ml. of 


Tasie I 
Recovery of Phenol and p-Cresol Added to Water and to Urine 
The values are measured in mg. per 1000 ml. 


Compound added | Compound recovered 
Medium Distillation method Ether extraction method 
Phenol p-Cresol 
Phenol p-Cresol Phenol! p-Cresol 
Water 5 100 5.9 102 5.1 104 
ms : 3 60 3.5 58 3.2 57 
- 10 200 10.8 214 11.8 207 
a 25 25 22.0 28 20.0 27 
25 25 28.3 23 
Urin: 10 125 11.6 112 10.7 129 
10 50 12.5 55 
10 50 


S.4 56 


water, followed by 1 ml. of a cold solution of diazotized sulfanilic acid and 
1 ml. of 1 per cent sodium carbonate.! The yellow-orange solutions were 
read in the photoelectric colorimeter which now contained a blue light filter 
No. 42 (460 to 465 my) against the blank set at zero. 

In the ether extraction method, a measured volume of the phenol-p- 
cresol hydrolysate was adjusted to pH 10 with sodium hydroxide and ex- 
tracted with ether for 4 hours, as previously described (9). 3 ml. of the 
ether extract were shaken in a test-tube with 1 ml. of 0.1 N sodium hy- 
droxide and a trace of antibumping powder (prepared by pulverizing a 
porcelain evaporating dish). The ether was evaporated by immersion of 

1 This reagent was prepared by adding 3 ml. of cold 5 per cent sodium nitrite to4 
ml. of a cold solution of sulfanilic acid (4.5 gm. of sulfanilic acid and 45 ml. of hy- 
drochloric acid per 500 ml. of solution). 5 minutes later an additional 3 ml. of the 
sodium nitrite solution were added. After 15 minutes the solution was diluted to 0 


ml. with water and kept cold. The reagent was prepared fresh daily. The sodium 
carbonate solutions were prepared from the recrystallized salt. 
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the tube in hot water. Then 1.3 ml. of 0.1 N sulfurie acid and 7.7 ml. of 
water were added and the phenolic values determined with the Folin- 
Ciocalteu reagent as usual. A 5 ml. aliquot of the ether extract was also 
analyzed for phenol and for p-cresol with the sulfanilie acid reagent, as out- 
lined above. The values given by each method were obtained from stand- 
ard curves developed from appropriate solutions of phenol and p-cresol. 

The colors given by each reagent are stable and obey Beer’s law. It 
was found that 1 part of phenol has the chromogenic power of 1.66 parts 


TABLE II 
Analysis of Eleven 24 Hour Specimens of Normal Human Urine 
The values are measured in mg. per 24 hour specimen. 


Distillation method Ether extraction method 
Urine No Sex : 

Phenol p-Cresol Phenol p-Cresol 

1 Male 9.1 90) 10.8 S7 

2 - 10.0 81 12.7 78 

3 4 13.0 100 12.5 9S 

4 sic 11.6 S2 11.8 SO 

5 . 9.6 SU 12.5 71 

6 7 11.0 100 10.4 95 

7 ae 8.0 64 3 65 

S T 9.7 108 9.1 117 

y Female 8.9 71 9.2 75 

10 7.8 83 8.3 81 

11 eg 10.0 100 | 9.7 103 

13.0 108 12.7 117 

7.8 64 8.3 65 
9.88 0.48 86.4 


87.20 1 


of p-cresol with the Folin-Ciocalteu reagent and 12 parts of p-cresol with 
the sulfanilic acid reagent under the experimental conditions described 
above. These ratios remain constant regardless of the concentration of 
the phenolic bodies. The intensities of the colors given by phenol and p- 
cresol in both colorimetric procedures were found to be additive for all 
binary mixtures. 

Sample Calculation—A prepared mixture containing 10 mg. of phenol 
and 200 mg. of p-cresol per 1000 ml. was subjected to analysis as described 
above. The values obtained were 325 mg. as p-cresol or 27 mg. as phenol 
with the sulfanilic acid reagent and 213 mg. as p-cresol or 138 mg. as phenol 
with the Folin-Ciocalteu reagent per 1000 ml. Since the chromogenic 
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ratios of phenol to p-cresol are 1:12 and 1:1.66, respectively, the following 
equations arise: 


12 phenol + p-cresol = 325  (sulfanilic acid reagent) 


‘= 213 (Folin-Ciocalteu reagent) 
Phenol = 10.8 (phenol added, 10.0) 
- 
Phenol + ? = 27 (sulfanilic acid reagent) 
p-cresol 


1 66 138 (Folin-Ciocalteu reagent) 


p-Cresol = 214 (p-cresol added, 200) 


The data are given in Table I and indicate that satisfactory recovery of 
phenol and p-cresol added either to water or to urine can be accomplished 
by the procedures described. 

Analysis of Urines for Phenol and p-Cresol—-24 hour urine specimens 
were collected from healthy individuals who were on an average mixed 
diet. 50 ml. of the urine were diluted to 200 ml., adjusted to pH 1 with 
sulfuric acid, and refluxed for 30 minutes. Distillation and analysis for 
phenols were performed as outlined above. In the ether extraction method, 
urine hydrolysis and extraction were conducted as previously described 
(9). Analyses of the ether extracts were effected as outlined above. The 
data are given in Table II. The average value found for phenol was 9.88 
mg. and for p-cresol 87.2 mg. by the distillation method, and 10.48 mg. and 
86.4 mg., respectively, by the ether extraction method for the eleven speci- 
mens. Hence values given by the two methods are in satisfactory agree- 
ment. The data indicate that p-cresol constitutes approximately 90 per 
cent of the volatile urinary phenols. Difference in sex did not influence 
the values in the specimens analyzed. There is some evidence that a por- 
tion of the urinary p-cresol may be a product of sex hormone metabolism 
(3). The proportion of phenol to p-cresol in the various specimens re- 
mained relatively constant. 

Obviously the method is limited to those binary mixtures in which p 
cresol predominates. This fact, however, makes it especially well adapted 
to urine analysis. The method can undoubtedly be extended to other com- 
plex media in which an analogous situation exists. The writer is indebted 
to Dr. G. 8. Weiland and Dr. Marie Andersch for helpful suggestions. 


SUMMARY 


A simple, differential colorimetric method is described for the simul- 
taneous determination of phenol and p-cresol in urine. It was found thst 
p-cresol constitutes about 90 per cent of the volatile urinary phenols. 


E. G. SCHMIDT 
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STUDIES OF ARTERIOVENOUS DIFFERENCES IN BLOOD 
SUGAR* 


1. EFFECT OF INSULIN ADMINISTERED INTRAVENOUSLY IN THE 
POSTABSORPTIVE STATE 


By MICHAEL SOMOGYI : 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 


(Received for publication, December 20, 1948) 


In experiments previously described (1) we have shown that in healthy 
yrsons hypoglycemia elicits an abrupt shrinkage in the difference between 
arterial and venous blood sugar levels (A-V difference), a change which 
indicates a sudden decrease in the rate of peripheral (extrahepatic) glu- 
oge assimilation. This observation was made when the subjects were 
inastate of “spontaneous” hypoglycemia, which appears with regularity 
sa sequel to the hyperglycemia following glucose feeding. It is gen- 
wally understood that in this process alimentary hyperglycemia stimu- 
- lates the secretory activity of the islands of Langerhans, and the increased 
nsulin supply not only checks hyperglycemia, but shoots beyond the 
wal and produces hypoglycemia.’ Since this hypoglycemia represents 
increased insulin action, and insulin action is known to increase A-V dif- 
ferences, it was rather unexpected when we found a contrary effect, 7.e. a 
_ sharp decrease in A-V differences, as soon as a hypoglycemic state? set in. 

We interpreted this phenomenon as the function of insulin-antagonistic 
endocrine organs which are excited by hypoglycemia to increased activ- 
ty. The insulin-antagonistic (diabetogenic) effect of endocrine factors, 
ike anterior pituitary extracts (APE), adrenalin, and cortical hormones, 


*This work was aided by the David May-Florence G. May Fund. 

‘Soskin and Allweiss rejected this concept on the basis of their observation that 
the hypoglycemic sequel to alimentary hyperglycemia can occur under conditions 
thich preclude any increase in the insulin supply (2). They apparently failed to 
ake into consideration the lack of any stoichiometric relationship between insulin 
apply and insulin action; in particular, they disregarded the fact that the action 
fone and the same amount of insulin increases with increasing glucose concentra- 
tons. (This disparity between insulin supply and insulin action is the subject of 
the last section of the present paper.) | 

*Let us reiterate here that we use the term hypoglycemia in its physiological 
weaning, in contradistinetion to the conventional (especially clinical) usage in which 
Ypogiycemia means a condition associated with certain alarm reactions, condi- 
ons that are precipitated only by intensive hypoglycemic states. In our termi- 
ology hypoglycemia denotes any, even the slightest, decline of the arterial blood 
‘ugar below its normal postabsorptive level, since the physiological reactions with 
*hich we are concerned are precipitated by changes as small as 1 to 3 mg. per cent (1). 
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is customarily attributed to their action on the liver, and on the liver 
alone, the consensus being that they raise the glycemic level by increas. 
ing the rate of hepatic glycogenolysis. The question may be raised, 
therefore, whether the insulin-antagonistic effects which we measured jp 
the peripheral tissues can be reasonably attributed to the same known dia- 
betogenic factors. A number of older studies furnish an affirmative answer. 
Marks (3), for instance, has shown, 16 years ago, that, while glycogen 
formation in muscle tissues is augmented by insulin injection, this response 
is prevented by the simultaneous injection of APE. Bennett and Roberts 
(4) showed, in experiments on eviscerated animals, that the hypoglycemic 
effect of injected insulin is considerably inhibited by simultaneously ad- 
ministered APE. Both of these experiments demonstrated, at different 
phases of the process, the same fact as our determination of A-V differ- 
ences, namely an inhibition of peripheral insulin action by APE factors. 
This was the basis of our assumption that inhibition of peripheral glucose 
assimilation under the impact of hypoglycemia (as reflected in our studies 
in decreased A-V differences) is engineered by insulin-antagonistic factors 
(par excellence by the pituitary-adrenal mechanism) which are stimulated 
by hypoglycemia. Bouckaert and de Duve (5) also made the assumption 
that hypoglycemia antagonizes insulin action by stimulating the “‘ortho- 
sympathic system, adrenalin, cortin, anterior pituitary hormones, ete.” 
This concept gained direct support by a recent observation of Gershberg 
and Long (6), who found that insulin hypoglycemia entails a sharp de- — 
crease in the ascorbic acid content of the adrenal glands, a characteristic | 
result of an increased supply of ACTH (adrenocorticotropic hormone of 
the pituitary). The ACTH, however, is by no means the sole factor in 
the defense mechanism against hypoglycemia. That the hypophysis 
supplies potent insulin-antagonistic factors besides the ACTH is suffii- 
ently proved by the fact that the glycogen content of the liver during in- 
sulin hypoglycemia is rapidly depleted even in adrenalectomized animals 
(7). Insulin-antagonistie action under these conditions is undoubtedly ) 
tied up with pituitary activity. | 
Identification of the insulin-antagonistic factors is of great interest, 
but is outside the scope of the present report; our emphasis is on the fact 
which we have demonstrated, namely that hypoglycemia activates a de- | 
fense mechanism which inhibits insulin action in the peripheral tissues. 
This self-limiting (one is inclined to call it suicidal) sequel to insulin action ; 
is not only of theoretical interest, but has an important bearing on clinical 
insulin therapy. In an earlier communication (8) we attempted to call — 
attention to this practical aspect of the problem.’ In the present paper — 


On the basis of extensive observations, we pointed out in that paper the “dis- | 


betogenic effect” of hypoglycemia as follows: ‘““Hypoglycemias, caused by over 
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we report the results of further experiments which are to answer the ques- 
tion as to whether or not hypoglycemia, produced by the intravenous 
injection of insulin, mobilizes insulin-antagonistic factors, as does spon- 
taneous hypoglycemia. 


EXPERIMENTAL 


The subjects in these experiments were, unless otherwise stated, young 
persons, hospital interns and laboratory workers between 20 and 40 years 
of age, Without any known impairment of their health. With few excep- 
tions they were subjected to glucose tolerance tests in order to ascertain 
that their carbohydrate metabolism was normal. 

The determination of arteriovenous (A-V) differences, as a means of 
measuring changes in the rate of peripheral glucose assimilation, was car- 
ried out with the precautions and accuracy previously described (9). 
Numerous publications dealing with the subject amply justify the empha- 
sis we place on the accuracy of analytical procedures. A few workers, as 
for instance Cori and Cori (10) and Himsworth (11), fully aware of this 
requirement, obtained results which furnished clear cut, valuable informa- 
tion. These investigators used the original Hagedorn-Jensen method 
with adequate craftsmanship and both found that insulin action increases 
A-V differences. They found, furthermore, always higher sugar concen- 
trations in arterial than in venous blood. 

The majority of subsequent workers seems to have been unaware of the 
importance of analytical craftsmanship and, undoubtedly on this account, 
reported findings in which the glycemic levels were often higher in the ve- 
nous than in the arterial blood (12, 13). Completely oblivious of the con- 
flict between their results and those of the authors just mentioned, these 
workers, as for example Griffiths (13), attempted to explain their negative 
(inverted) A-V differences with highly speculative, mostly arbitrary 
theories. 

Insulin was administered intravenously, in the postabsorptive state. 
We used rather small doses, from 3 to 6 units, in order to avoid, as far as 
possible, the stress of protracted hypoglycemic reactions. Such stress 
must be held to a minimum, because its effects overshadow finer details 
and blot out individual differences in the response of the subjects. In this 
respect we were greatly influenced by Himsworth’s procedure, who, by vir- 
tue of using as small doses of insulin as 2.5 to 5 units, produced much val- 
uable information concerning the relationship between dietary factors and 


doses of insulin, entail in the diabetic patient excessive degrees of hyperglycemia 
and glycosuria. Recurrence of this sequel over considerable periods of time pro- 
gressively increases the instability of the patient and aggravates the disease.”’ 
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insulin action, information that would have been completely obscured by 
larger insulin doses. 

Like in Himsworth’s studies, the amount of insulin injected was inde- 
pendent of the body weight, although our several subjects varied between 
60 and 75 kilos, and one of them weighed 91 kilos. Close adjustment of 
the insulin dose to body weight, a widely followed precept, implies accept- 
ance of the still surviving misconception that some sort of stoichiometric 
relationship exists between insulin supply and the amount of glucose 
‘‘utilized”’ or “burned.” Much factual evidence, inclusive of our own ob- 
servations to be described later on, proves this “unitarian”’ concept as 
completely untenable. There are factors other than the insulin supply 
itself which greatly affect insulin action. These factors vary from one 
person to another, and thus it is understandable that healthy individuals 
of the same body weight show great differences in their response to iden- 
tical doses of insulin. These differences show up, however, only when 
the insulin dose is small, for large doses, steam roller-like, simply override 
existing individual differences. 


Extrahepatic Responses to Hypoglycemia 

Six subjects were injected intravenously with 5 units of insulin in the 
morning, 10 to 14 hours after their last meal, and changes in their arterial 
(capillary) and venous blood sugar levels were determined at 30 minute 
intervals. The results are recorded in Table I. The response to insulin 
action, as may be seen, varied considerably from individual to individual, 
in respect to both the degree of hypoglycemia and the changes in A-V dif- 
ference. The same individual, however, as demonstrated in Subject 4, 
showed the same individual characteristics in his response to repeated 
tests with the same dose. The lowest hypoglycemic level, 27 mg. per cent, 
was produced in Subject 3, while in Subject 6 (who weighed 1 kilo less 
than Subject 3) the fall of the blood sugar stopped at 56 mg. per cent. 
Notable variations were found in the effect of insulin on the A-V difference. 
In this respect Subjects 1 and 4, on the one extreme, and Subjects 3 and 5, 
on the other, represent two different types. The first type showed no 
significant changes, no increase in the A-V difference, whereas in the see- 
ond type the A-V difference increased appreciably 30 minutes after the 
injection of insulin. Subject 6 took an intermediate place. Finally, 
Subject 2 who showed a measurable contraction of the A-V difference 
after 30 minutes, but then a delayed but significant expansion 90 minutes 
after injection, fell in still another category. 

Such diversity in individual responses to insulin is entirely incompre- 
hensible on the basis of the oversimplified “unitarian’’ concept, but can 
be readily explained if insulin action is evaluated as the resultant of a con- 


; 
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tinuous dynamic interplay between two opposing forces, namely insulin 
on the one side and its antagonists on the other. With this approach we 
interpret our findings as follows: The onset of insulin-hypoglycemia, 
which follows directly after intravenous injection, immediately induces 
the mobilization of the antagonistic factors, the forces of defense against 
hypoglycemia. This response is inevitably subject to individual varia- 
tions. In the first place, one must think of quantitative differences, taking 
it for granted that one individual can produce greater supplies of insulin- 


TABLE I 


Changes in Total and Extrahepatic Glucose Assimilation after Intravenous Injection 
of & Units of Insulin 


The blood sugar (B. 5S.) and arteriovenous differences (A-V) are expressed as 
mg. per 100 cc. of blood. The arterial blood sugar was determined in capillary 
(finger) blood. 


| Time after injection of insulin 


Subject Origin of blood Fasting OShr. | thr. 
B.S. | A-V | B.S.| AV | B.S. | AV | B.S.) AV B.S. | AV 
1 | Arterial | 44.8 84.5. 90.5 | 
Venous | 93.2 41.3!) 3.5 4.9) 80.8 3.7 85.1! 5.4 
2 | Arterial | 81.5— 49.7 | 73.7 | 87.5. 83.7 | 
Venous | 74.5 46.2; 3.5, 69.7 4.0 75.1 12.4) 82.4 1.3 
3 Arterial 91.8 50.4 | 80.5 | 81.0 81.3 
Venous | 90.5 1.3/ 37.3) 13.1) 72.6 7.9, 77.0 4.0 79.9 1.4 
Arterial | 89.6— 55.4 91.2 90.7 
Venous | 87.8 50.8 4.6 88.2 1.4/ 89.4) 88.6 2.1 
4a Arterial | 88.3. 62.4. 86.4 86.4 
Venous | 84.3 4.0 59.7, 2.7 79.4 46 84.0 85.1 1.3 
5 | Arterial | 96.4— (85.3) =| 94.8 95.6 
Venous | 92.1 4.3 39.7 79.9 5.4 91.3) 94.2 1.4 
6 Arterial 95.0. 65.7. 91.0 92.6. 91.5 
Venous | 90.7 (56.2 | | 85.9) 6.7 


iitagonistic hormones than another. Secondly, there are differences in 
the chronology of the response to excitation in the endocrine organs: in 


_ me case the reaction will be prompt and resilient; in another instance it 


vill be more or less sluggish and, in consequence, some lag will appear be- 
ween stimulus and response. 

Our findings clearly reflect such individual differences. In Subjects 
land 4, for instance, insulin failed to exert any measurable effect on the 
peripheral rate of assimilation, and the A-V difference remained practically 
wehanged. This fact indicates the prompt response of the defense mech- 
wism: the antagonistic factors appeared rapidly, and in a quantity that 
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sufficed to put a brake on peripheral insulin action. In Subjects 3 and 5, 
on the other hand, the increased A-V difference at the first 30 minute in- 
terval showed that insulin action still was predominant over the antago- 
nists and was effectively suppressed only with some delay. Still another 
variety of response was shown in Subject 2. In this instance the insulin- 
antagonistic mechanism reacted to hypoglycemia very efficiently, both 
in regard to the quantitative and chronologic aspects of the response: 
this is reflected in the fact that, despite the presence of insulin, the A-V 
difference not only failed to increase, but actually decreased. The resili- 
ency of the process again manifested itself in the ensuing interval, when 
the blood sugar returned to (in fact had risen slightly above) the fasting 
level. At this stage, 90 minutes after the injection of insulin, the antago- 
nistic mechanism promptly relaxed its activity and, in consequence, insulin 
was enabled to exert its peripheral action, as indicated by a substantial in- 
crease in the A-V difference. This contest, tug of forces, between insulin 
and its inhibitors explains why Cori and Cori (10) found, after the injection 
of insulin in fasted rabbits, considerable A-V differences over a period of 
2 hours: Their rabbits were injected with nearly 5 units of insulin per kilo, 
more than 50 times our dose, so that the defense mechanism was unable to 
cope with the overwhelming action of the insulin, and in consequence pe- 
ripheral insulin action prevailed and came to expression in greatly increased 
A-V differences. 

The foregoing experiments, we realized, had distinct shortcomings. l- 


though exploratory tests indicated that the lowest glycemic levels in healthy — 


persons usually occur between 20 and 40 minutes after the injection of 
small doses of insulin, we probably missed this point in some of our six 
subjects. Likewise, we may have missed an increase in the A-V difference 
that may have taken place earlier than 30 minutes after the injection of 
insulin. The experiments would have undoubtedly been more informative 
if blood samples could have been drawn every 5 or 10 minutes; but this 
could have been accomplished only by using a micromethod for the analy- 
sis of capillary blood, inevitably at the expense of accuracy. As a compro 
mise, in a second group of experiments we shortened the time intervals to 
20 minutes. This second series differed from the first in two other respects. — 
One difference was that we lowered the insulin dose to 3 units, with the 


| 


expectation that individual variations might come to the fore even more — 


clearly than with 5 units. Secondly, we performed on each of these sub — 
jects a second test, injecting 6 units of insulin, an increase of 100 per cent 


over the first dose. In this manner the difference between the action f — 


two vastly different quantities of insulin could be observed, with the e- 
clusion of the individual variations. 


The results of such tests on five subjects are presented in Table Il. | 
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To facilitate comparison between the effects of 3 units and 6 units of insulin, 
only the venous blood sugar values are recorded, together with the A-V 
differences. (The arterial glycemic levels can be readily reconstructed from 
the two values.) These data supply definite information to the questions 
we have posed. In the first place, it is evident that 3 units of insulin did 
show up such individual differences which were obscured when a larger dose, 
like 5 or 6 units, was injected. Thus it may be noted that, after injection 
of 3 units, Subjects 10 and 11 were considerably less sensitive to insulin 
than the other three members of the group, a difference which was scarcely 
in evidence after the injection of 6 units. Another difference between 


Tasie Il 
Paradorical Effect of Increase in Insulin Dose upon Rate of Extrahepatic Glucose 
Assimilation 


The venous blood sugar (13. 8.) and arteriovenous differences (A-V) are expressed 
as mg. per 100 ce. of blood. 


Time interval after injection of insulin 
wy 40min. | 60min. 120 min. 
B.S. | AV | B.S. AV B.S.) AV B.S.) AV) B.S.) 
10 | 3 | 84.8) 4.8 76.7 7.5) 81.0| 5.1 83.4 2.5 83.4 3.8/| 23.7 
6 | 87.5 2.1 46.7 11.4 39.7 5.4 70.5 0.8 89.9 5.4, 25.1 
| 3 | 84.8 7.0 63.2 3.8 73.7 7.0) 82.9 5.4 82.4 6.2| 29.4 
6 | 82.9 1.6 52.1 1.9 46.2 3.2) 73.7 6.0 83.7 3.9) 16.6 
2 3 | 95.6 3.0 40.8 13.2 50.2 16.8 85.3, 4.3 87.7 4.4 41.7 
6 96.1 2.7 35.1 8.1 47.0 4.3 | 78.8/7.6) 94.8 4.3) 27.0 
(92.1 5.1 27.0 14.1) 53.2 3.2 58.8 19.0 86.8 10.4) 51.8 
6 | 90.7) 7.9 22.4 9.5 48.1 7.3) 54.3) 5.9 83.2 1.9) 32.5 
3 | 92.3,7.6 31.6 5.9 | 75.1 2.1 79.7 10.8 90.7 30.7 
6 87.8 4.0 25.1) 2.6 55.6 3.0 62.6 13.5 | 92.3 6.3 29.4 


individuals was the irregularity in the relationship between insulin dose 
and body weight. The blood sugar of Subject 10, for instance, who weighed 
65 kilos, dropped only to 76.7 mg. per cent, while in Subject 11, who 
weighted 91 kilos, a greater decline was effected. Or compare Subjects 
10 and 13, both of whom weighed about 65 kilos; yet in response to 3 
units of insulin the lowest hypoglycemic levels were 63 and 27 mg. per cent, 
respectively. As a matter of fact, 3 units produced deeper hypoglycemias 
in Subjects 12, 13, and 14 than did 6 units in Subjects 10 and 11. 

The second question in these tests concerns the differences between the 
action of a smaller and a larger dose of insulin in the same individual. 
The data in Table II answer this question with the paradoxical fact that 6 
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units of insulin effected less increase in the peripheral glucose assimilation 
than 3 units. The difference between the effects of the two doses in some 
instances is obvious at a glance, if one compares the A-V differences. Thus 
in Subject 12 the maximum A-V difference after 3 units of insulin was 16.8 
mg. per cent while after 6 units it was only 8.1 mg. per cent, and in Subject 
13, for 3 units it was 19 mg. per cent, while for 6 units only 9.5 mg. per cent. 
Since, however, the A-V differences fluctuate as a result of the contest be- 
tween insulin and its antagonists, the picture is not always quite so clear, 
A more adequate evaluation of peripheral insulin effects is possible by using 
as a basis of comparison the sum of the A-V differences that occurred at 
the several intervals after insulin injection. We designated this sum as the 


A-V difference, mg. per 100 ce. 


4 Time — minutes 
Tr 0 20 40 60 120 


Fig. 1. Showing the paradoxical fact that in healthy man injection of 6 units of 
insulin promotes peripheral glucose assimilation to a lesser extent than 3 units. 


“peripheral assimilation index,” and included it in Table II. The assim- 
ilation index, as may be noted, was in three instances significantly lower } 
after 6 units than after 3 units of insulin, while in two subjects it remained | 
virtually unchanged after doubling the dose. | 

To illustrate better the effects of the two doses of insulin, we present | 
in Fig. 1 the composite A-V difference curves of Subjects 12, 13, and 4, — 
and in Fig. 2 the corresponding venous blood sugar curves. The results — 
for the insulin-“resistant” Subjects 10 and 11 are so different that they } 
had to be set apart. These results cannot be understood without resorting | 
to the concept that the changes in the glycemic levels are resul tants of 2 
interplay between insulin action and its antagonists. In Fig. 2 it may be 
noted that with 6 units of insulin hypoglycemia developed somewhat mort | 
precipitously and proceeded to a little lower level than after 3 units. The | 
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greater stress then exerted a greater stimulus on the defense mechanism, 
mobilized a larger supply of inhibitors, and, as a consequence, the larger 
insulin dose exerted less (and in two subjects no more) action on the pe- 
ripheral glucose assimilation than the smaller one. 

The two curves in Fig. | exhibit fluctuations which reflect the contest 
between insulin and its antagonists. The increase in A-V difference dur- 
ing the first 20 minutes indicates the predominance of insulin action; by 
this time, however, a large enough supply of antagonists had reached the 


to 


blood 


Mg. glucose per 100¢c. venous 


' 
S 


i Time- minutes 
3: 0 20 40 60 120 


Fic. 2, Showing that in healthy man doubling of the insulin dose effects but slight 
difference in the blood sugar-time curve. After intravenous injection of either 
sor 6 units, the blood sugar begins to rise within 20 minutes after the onset of hy- 


poglyceimia, indicating the ascendency of insulin antagonistic action over insulin 
action. 


feld, with the consequence that insulin action was promptly depressed 
during the next interval, i.e. between 20 and 40 minutes after injection. 
This shift in the balance of forces was reflected in the shrinkage of the A-V 
difference, as well as in a simultaneous sharp upward swing (see Fig. 2) 
of the glycemic level. (The latter, of course, is a hepatic reaction of which 
we shall talk presently.) About 60 minutes after injection the blood sugar 
had risen to the neighborhood of the normal fasting level, a change which 
automatically lifted the stimulus which hypoglycemia exerted upon the 
nsulin-antagonistic mechanism. As a result the insulin supply, that was 
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still in circulation, once again was enabled to assert itself, as manifested 
by a second increase in the A-V difference (Fig. 1) (peripheral action), as 
well as in the change in the slope of the blood sugar curve (Fig. 2). 


Hepatic Reactions to Hypoglycemia 


In the defense reactions which combat hypoglycemia, the contribution 
of the peripheral (in the main, muscle) tissues is strictly negative; they put 
a brake on the downward progress of the glycemic level, but can neither — 
stop it nor relieve it by returning to the blood glucose from their glycogen 
stores. This task is the burden of the liver. How does the liver accom. 
plish this task? The generally accepted answer is that any increase in 
the blood sugar during postabsorptive states is due to an increase in the — 
rate of hepatic glycogen breakdown. (It would be more appropriate, per- 
haps, to speak of glucose dissimilation, since glycogen breakdown implies 
only formation of glucose phosphate.) This is regarded as the sole factor 
that accounts, for instance, for the hyperglycemic effect of adrenalin and 
of anterior pituitary extracts, and should be responsible for the sharp up- 
ward swing of the glycemic level that follows in the wake of insulin hypo — 
glycemia. 

The validity of this concept seems to be taken for granted without 
question or doubt, although on closer scrutiny one finds that it would be 
difficult to support it with unequivocal experimental evidence. The most 
complete quantitative study in this field, done by Soskin and his colleagues 
(14), gives no information in this respect. ‘These workers estimated the 
amount of glucose transported to the liver through the portal vein, desig- } 
nating this quantity as the “intake,” and simultaneously determined the 
glucose carried off in the efferent vessels, calling it the “output.” The 
meaning of these terms, if we do not misunderstand them, is properly ex- 
pressed by Diagram I, in Fig. 3. It was convincingly demonstrated in 
these experiments that the glucose output from the liver becomes greater 
than the intake at the moment when the blood sugar declines below the 
normal fasting level. This shift, however, is no evidence of increased 
glucose dissimilation (glycogen breakdown), since the quantities deter- 
mined show only the amounts of glucose entering and leaving the entire 
body of the liver, but represent neither assimilation (‘‘intake”), nor dis 
similation (“output’’) by the liver cells. | 

Diagram II, in Fig. 3, offers, we believe, a more faithful picture of the | 
processes involved. The amount of glucose (A) that is transported to the | 
liver does not simply flow through the liver cells, since these, like muscle | 
and other tissue cells, are impermeable to free glucose. Only that fractio — 
(a) enters the cells which is assimilated (via phosphorylation), while the 
unassimilated portion (b) by-passes the cells. This second fraction, the 
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extracellular glucose, leaves the liver through its efferent vessels as a part 
of the ‘output’ (£); to it is added the glucose derived from the continuous 
process of dissimilation (d), so that E = 6 + d. It is evident from this 
simple equation that # (the “‘output’’) can increase without an increase 
in d, that such a change can be produced by an increase in b (which in turn 
isa result of a decrease ina). A third possibility is that both b and d con- 
tribute to the changes in EF. Which one of these three possible changes 


Oxidation 
(Liver cell) 


Fig. 3. The flow of glucose through the liver. Diagram I, an oversimplified er- 
roneous presentation; Diagram II, a picture in harmony with current concepts 


concerning the carbohydrate metabolism of the liver. A is the amount of blood 


sugar transported to the liver; of this, fraction a is assimilated (7.e., it enters the 
liver cell in the form of glucose phosphate) while fraction 6, unassimilated, by-passes 
the cell and is carried off from the liver in the efferent vessels. To it is added d, the 
amount of glucose dissimilated by the liver cells. 


does actually take place? A glance at Diagram II (Fig. 3) reveals the 
virtually insurmountable difficulties in devising an approach for the ex- 
perimental probing of the problem under reasonably physiological condi- 
tions. It is obvious that, while it is possible to measure A and E, these 
measurements fail to disclose whether an increase in E is due to an increase 
in d or a decrease in a (which entails an increase in b). 

In this situation it appears justified to postulate the assumption that 
the insulin antagonists, which are activated by hypoglycemia, depress the 


og tate of glucose assimilation (decrease a) in the liver in the same manner 
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as in the peripheral tissues. It is true that we have demonstrated this 
change only in the peripheral tissues. Since, however, glucose assimilation 
is catalyzed in both liver and muscle cells by identical enzyme systems, 
the inference is almost inescapable that factors which inhibit assimilation 
in muscle will elicit a similar response in the liver. One must not pre- 
clude, of course, the possibility that an increase in the rate of dissimilation 
may occur concurrently with the decrease in the rate of assimilation (i¢., 
that an increase in both a and d may be set off simultaneously), especially 
in states of extreme stress and emergency. 


Disparities between Insulin Supply and Insulin Action 


The experiments thus far presented show that, unless hypoglycemia is 
completely excluded in studies of insulin action, one actually measures 
the balance of mutually opposing forces, the resultant of a contest between 
insulin and its antagonists, instead of true insulin action. It has come to 
our attention recently that Boucksert and his associates (15) recognized 
this fact as early as 1929 and, with due regard to it, endeavored to main- 
tain a near-to-normal glycemic level, by continual glucose infusion, while 
observing insulin action. In this country, Drury and Greely (16, 17), 
independently of the Belgian workers, devised a similar method, which 
enabled them to demonstrate that insulin acts much longer than indicated 
by the conventional procedure in which hypoglycemia is not only tolerated, 
but, in fact, the length of the hypoglycemic phase is regarded as the meas- 
ure for the duration of insulin action. 

The fallacy of this conventional approach is evident in Fig. 2, whieh 
shows that in healthy men the action of 6 units of insulin is just as short 
in duration (120 minutes) as is the action of 3 units. In the experiments 
of Norgaard and Thaysen (12), in which 12 units of insulin were adminis- 
tered to healthy men, the blood sugar returned to its fasting level within 
100 minutes after injection, as short a time as after the injection of 3 units 
in our own experiments. This paradoxical phenomenon is undoubtedly 
due to the fact that in healthy persons hypoglycemia can mobilize enough 
insulin-antagonistic factors to counteract the action of from 3 to 12 units 
of insulin with nearly the same facility, in nearly the same brief period of 
time. 

Experiments presented in Figs. 4, 5, and 6 clearly illustrate the causal 
connection between hypoglycemia and the frustration of insulin action. 
In Fig. 4, Curve I (which was taken over from Fig. 2) represents the re 
sponse of healthy persons to 6 units of insulin, while Curve II shows the 
effect of the same dose in a hyperglycemic man (Subject A, who developed 
hyperglycemia following acute pancreatitis). As may be noted, in the 
hyperglycemic man insulin was still in action 3 hours after injection and, 
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undoubtedly, proceeded beyond this period. It should be noted that. in 
this instance the blood sugar was at no time even near a hypoglycemia 
level. In sharp contrast to this, in the healthy persons, in which hypo- 
glycemia set in directly after the injection of insulin, the blood sugar began 
to rise sharply after 20 minutes. This was evidently the length of time 
necessary for the mobilization of an effective supply of insulin-antagonistic 
factors in the struggle against hypoglycemia. 


2 


9o1 


Decline in blood sugar — mg. per 100<c. 


T 


| 


Time ~minutes~ after injection 
9 30 60 90 20 180 


Fig. 4. Showing vast differences in the action of the same amount of intraven- 
ously injected insulin. Curve I represents the action of 6 units in three healthy 
men, Curve II the response to the same dose in a hyperglycemic man. The figures 
along the two curves represent the actual blood sugar values; the figures on the 
ordinate show the decline from the fasting level. 


In Figs. 5 and 6, two more experiments are presented for additional 
illustration of the intimate connection between the occurrence of 
hypoglycemia and the duration of insulin action. The subjects in these 
experiments were diabetic persons who were managed by dietetic treat- 
ment alone (insulin therapy having been discontinued several years ago); 
for several years they had been aglycosuric and in as good physical condi- 
tion as any healthy person. Each received 5 units of insulin intravenously 
in the morning, without breakfast. As may be seen, Subject B (Fig. 5) 
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developed a mild hypoglycemia 30 minutes after injection; as a conse. 
quence, the blood sugar began to rise at that point. In Subject C (Fig. 6) 
hypoglycemia entered considerably later, only 90 minutes after injection; 
in consequence, it was at that time when the glycemic level began its 


~110 


blood 


3 
Mg. glucose per 100 cc. 


Time -minutes 
9 30 60 90 120 


i 


ac 


ij 


Fic. 5. Response to 5 units of intravenous insulin in a mildly diabetic man. The 
blood sugar began to rise in 30 minutes after injection, at the time when arterial 
hypoglycemia had set in (ringed dot). The A-V difference began to shrink at the 
same time. The vertical action of insulin was greater than in healthy persons be- 
cause the road between the fasting blood sugar and the hypoglycemic level was 
longer. 


upward swing. The fact that in Subject B the hypoglycemia was deeper 
and the ensuing upward turn sharper than in Subject C probably indi- 
cates that the insulin-antagonistic mechanism was more effectively excited 
in the former than in the latter. This interpretation is in full harmony 
with the changes in the A-V differences (shown in the curves in the lower 
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parts of Figs. 5 and 6), as well as with the course of the blood sugar-time 


Hypoglycemia severely curtails not only the duration but also the intensity 
of insulin action, or, as it may be put, it causes a shrinkage not only of 


the horizontal, but also of the vertical dimension of the blood sugar-time 


blood 


= 


Mg. glucose per 100 


ae 


Fic. 6. An experiment like the one given in Fig. 5. In this mildly diabetic man 
units of insulin intravenously produced arterial hypoglycemia in 90 minutes after 
injection (ringed dot), the point where the blood sugar began to rise. 


_ curves, This fact is vividly illustrated in Fig. 4. It is evident from the 


‘wo curves in this graph that the vertical action of insulin was abruptly 
stopped as soon as hypoglycemia activated the insulin-antagonistic mech- 
anism sufficiently to turn the tide. In healthy persons this happened 20 
minutes after the injection of insulin, when the blood sugar had decreased 
by 64 mg. per cent (a fall from 91.5 to 27.5 mg. per cent), whereas in the 
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hyperglycemic man the vertical action was as much as 118 mg. per cent 
(a fall from 341 to 223 mg. per cent), before insulin action was really over, 
This was possible simply because insulin action was introduced at a high 
glycemic level, and thus could proceed a long way before being impeded 
by hypoglycemia. The same relationship was evident in Subjects B and 
C. In the latter (Fig. 6) insulin action could depress the blood sugar by 
89 mg. per cent before hypoglycemia prevented further downward pro- 
gress, while in Subject B (Fig. 5), whose fasting blood sugar was lower, 
a hypoglycemic level was reached after a shorter vertical course, and hence 
the intensity of insulin action was confined to a smaller dimension. 

A fourth experiment on a diabetic subject, recorded in Table III, shows 
all three features of insulin action that have thus far been considered. 
(1) Vertical insulin action (intensity) is greater if insulin is given in a 


TaB_e III 
Showing Self-Terminating Effect of Insulin Action (8 Units, Intravenously) if 
Hypoglycemia Is Allowed to Develop 


Glucose per 100 cc. of | 
Arterial blood | Venous blood 
hrs. me | meg. | meg. per cent 
0 204.7 | 203 .0 1.7 
0.5 122.6 82.1 | 40.5 
1 80.2 60.8 19.4 
1.5 99.9 96.9 3.0 
2 135.8 133.7 2.1 
3 150.7 149.0 1.7 


hyperglycemic state than if injected at normal fasting levels. (2) The 
vertical action is stopped by hypoglycemia and, as a consequence, the 
horizontal action, too, is shortened. (3) The insulin antagonists, mobi- 
lized by hypoglycemia, inhibit glucose assimilation. This last fact is 
directly demonstrated by the changes of peripheral assimilation; as may 
be seen, the A-V difference increased to 40.5 mg. per cent as the result 
of insulin action. But the increase could be maintained only as long as 
hyperglycemia persisted; as soon as hypoglycemia appeared, the A-V 
difference promptly shrank to 3 mg. per cent and continued to decrease 
under the influence of the activated insulin antagonists. 

We have not mentioned thus far, but have not overlooked, the signil- 
cance of changes in the rate of blood flow, which must be taken into con- 
sideration in the evaluation of A-V differences. It is obvious that changes 
in A-V differences do not correctly reflect changes in the rate of peripheral 
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gsimilation if the blood flow changes simultaneously. In our experi- 
ments, in which A-V differences decreased during hypoglycemia, we did 
not attempt to estimate the effect of possible changes in blood flow. This 
gemed unessential in view of the fact that hypoglycemia tends to de- 
erease blood flow (14, 18), a change which implies an even greater de- 
crease in the rate of assimilation than is indicated by the decrease in the 
4-V difference. 


SUMMARY 


The effects of intravenously administered insulin upon peripheral glu- 
cose assimilation were studied in healthy young persons in the postab- 
srptive state. It was found, as indicated by changes in the arteriovenous 
differences of blood sugar, that hypoglycemia, produced by insulin, en- 
tails a depression of the rate of peripheral assimilation. This response 


_ isascribed to insulin-antagonistic endocrine factors (mainly to the pitui- 


ary-adrenal mechanism) which are activated by hypoglycemia. It is 
suggested that hypoglycemia leads to a depression of the rate of glucose 
assimilation in the liver as well as in the peripheral tissues. According 
to this concept the liver may contribute to the glucose content of the 
jlood without any change in the rate of glucose dissimilation. Implica- 


tions of the self-limiting action of insulin, which becomes effective as soon 


as the arterial blood sugar declines below the fasting level, are demon- 
strated and discussed. 
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In a study of the quantitative variations of myoglobin in muscles, the 
need arose for reliable absorption spectra and extinction coefficients of 
derivatives of both myoglobin and hemoglobin in the visible range. Suffi- 
cient data on hemoglobin are available in the literature, but those for 
myoglobin (1, 2) are conflicting and suggest the need for further study. 
Therefore, it seemed advisable to publish the results of this study of the 
absorption spectra of myoglobin and its derivatives in the visible range. 
Since the maxima and minima of derivatives of myoglobin in the visible 
range are 2 to 10 my nearer the long wave-lengths than those of hemoglobin 
(I-4), it was thought of interest to study the absorption curves of myo- 
globin in the near infra-red and compare them with the curves of hemo- 
globin obtained by Horecker (5). Consequently, this paper presents 
absorption curves and molar extinction coefficients of horse heart myo- 
globin and several of its derivatives at wave-lengths from 1000 to 450 mu. 
Studies were made of reduced (Mb) and oxidized, or met (MMb), forms 
and the derivatives, oxymyoglobin (MbO,), carbonylmyoglobin (MbCO), 


and metcyanmyoglobin (MMbCN). Metmyoglobin (MMb) was studied 
at several pH values. 


EXPERIMENTAL 


The myoglobin used in these investigations was isolated by crystal- 
lization from horse hearts by a method described in an earlier paper (6). 
Material from five individual hearts was used. The purity of these five 
preparations was based on their iron content. If the iron in myoglobin 
is 0.323 per cent of the dry weight (6), purity of the preparations used in 
the present experiments was 96 per cent or better. 

The stock solutions of myoglobin were diluted to concentrations appro- 
priate for measurement at the wave-lengths to be studied. In the near 
infra-red the concentrations ranged from 0.15 to 0.40 X 10-* m and in the 
visible from 0.03 to 0.07 X 10-*m. After measurements were completed, 
the exact molarity of each solution was determined by converting the 
myegovin to MMbCN by the addition of a trace of potassium ferricyanide 
nd potassium cyanide. The density (d) was then measured at 540 my 
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and the concentration determined by using 11.3 X 10*, the molar extinction 
coefficient for MMbCN (7). The reliability of this method for determin; 
the concentration of heme compounds as proposed by Drabkin (7) was 
tested by determination of the iron in six solutions of different concep. 
trations of myoglobin. The concentrations obtained by the latter method 
agreed within 5 per cent of the values obtained by analysis as MMbCN. 

For pH values from 6.0 to 8.0, Sérensen’s phosphate buffers (8) in con- 
centration of 0.5 m were added in proportions to make the final concep. 
tration 0.05 m. For pH values above 8.0, Sgrensen’s borate-HCl mixtures 
(8) and borate-NaOH mixtures (8) were used in final concentrations of 
0.02 m. 

Spectrophotometry—The measurements were made with a Beckman model 
DU spectrophotometer. The molar extinction coefficients were calculated 
by substitution in the Lambert-Beer law, 


logw d = ect 


where J» = the intensity of incident light, J = the intensity of emergent 
light, d = the density as read from the spectrophotometer, « = the molar 
extinction coefficient, c = the molar concentration, | = the length of the 
light path through the solution in cm., which in this instance equaled 1.00. 

The nominal band width! ranged from 5.4 my at wave-length 1000 mz 
to 0.6 at 450 my. At 580 and 540 my, two important wave-lengths, the 
nominal band widths were 1.2 and 1.0 my, respectively. 

Preparation of Derivatives—Reduced myoglobin (Mb) was prepared by 
placing the properly diluted and buffered solution of MMb in a Thunberg 
tube modified in a manner similar to that of Theorell and de Duve (9). 
A few grains of sodium hydrosulfite were placed in the side arm. Pre- 
purified nitrogen which had been passed over glowing copper was bubbled 
slowly through the solution for 10 minutes. Then the tube was tilted to 
dissolve the sodium hydrosulfite in the side arm and reduce the MMb. 
The slow bubbling of nitrogen was continued for another 3 minutes. The 
solution was transferred anaerobically to an absorption cell filled with 
nitrogen. The cell was stoppered and the measurements made. 

Carbonylmyoglobin (MbCO) was prepared by similar treatment with 
the use of carbon monoxide from a generator instead of nitrogen. The 
solution was gassed for 10 minutes before and 3 minutes after reduction 
with sodium hydrosulfite. 

Oxymyoglobin (MbO.) had to be prepared by an indirect method. 


‘The nominal band widths for the slit openings used were calculated from the | 
graph in Bulletin 91-C, National Technical Laboratories, South Pasadena, Cali- | 


fornia. 
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tion The direct oxygenation of reduced myoglobin resulted in rapid oxidation 
ning to MMb, possibly because, as with hemoglobin (10, 11), the reduced form 
was is susceptible to oxidation. MbQO, could be prepared, however, by first 
cen- preparing MbCO and then displacing the CO with oxygen in a manner 
thod similar to that used by Theorell (12). 

Ros The apparatus for preparing MbQ, consisted of a tonometer made from 
con- a 100 ml. round bottom flask onto the bottom of which was attached a 
\cen- straight glass nipple of dimensions to allow transfer of the solution to an 
tures absorption cell. About 1.8 ml. of a buffered solution (final pH 6.8) of 
ns of MMb of appropriate concentration were put into the tonometer. The 
nodel TaBLe 

lated Wave-Length of Maximum and Minimum Absorption of Derivatives of Horse Heart 


Myoglobin and Human Hemoglobin in Near Infra-Red 


The values for hemoglobin were taken from Horecker’s data (5), except for those 
of reduced horse hemoglobin. 


: Position of maxima Position of minima 

| Mb Hb 

of the | my | mis mys my 

MbO: 940-950-920 700 700 
0 my Mb | 920 900 844 840 
is, the 760 760 740 731 
900t 840t 
756t 

od by MMbCN | | 800 800 
Alkaline MMb | «817.55 
ve 

Pre- * Calf hemoglobin. 

bbled t Horse hemoglobin. 
to | 8.50 and 9.00. 

M Mb § pH 8.9. 

es _ tonometer was then connected by rubber tubing and a glass-blower’s 
d | swivel to a CO generator and rotated 40 to 50 R.p.M. with an electric motor. 

+ ll The solution was gassed with CO for 12 minutes. Then, while the CO 
it 


continued to flow, the tonometer was opened and a few grains of sodium 
. The hydrosulfite were introduced. The MMb was immediately converted 
toMbCO. Rotating and gassing with CO were continued 3 more minutes. 

oat Then moisture-saturated oxygen was substituted for the CO. 

new In order to have the maximum amount of myoglobin present as MbOn, 
from the the density of several solutions was measured at 582 muy after different 
na, Cali intervals of oxygen flow. These tests showed that the maximum absorp- 

therefore the 1uaximum concentration of MbOz, occurred after 3 to 4 
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minutes of oxygen flow. Fewer than 3 minutes of oxygen flow were not 
adequate to displace all the CO bound to myoglobin, and any MbCO 
that remained decreased the total density. More than 3 or 4 minutes of 
oxygen flow yielded lower densities because of oxidation to MMb. Con- 
sequently, the flow of oxygen was continued for 3 minutes in all prepa- 
rations. 

In the near infra-red region no special measures were taken to reduce 
the error caused by the oxidation of MbO, to MMb, except to make the 
readings necessary to explore the curve as rapidly as consistent with 
accuracy. In the visible region the error was diminished greatly by making 
but three measurements on a single solution. The first measurement 
was made at a maximum, or a minimum, and the second and third 2 mg 
to either side of the first. This was carried out on three to five single 
solutions for each of the two maxima and the two minima in the visible 
region. Thee values for MbO, in Table IV were obtained in this manner. 

Oxidized myoglobin (MMb) was prepared by diluting and buffering the 
stock solution. The hydrogen ion concentrations were measured, and in a 
few instances, when the pH was not sufficiently near that of the buffer 
added, solid dibasic potassium phosphate or sodium hydroxide was added 
to increase it to a value about 0.5 of a unit greater than that of the next 
lower solution. 

The derivative metcyanmyoglobin (MMbCN) was prepared by the addi- 
tion of solid cyanide to oxidized myoglobin. 


RESULTS AND DISCUSSION 


Absorption Spectra in Near Infra-Red Region—The absorption curves 
(Figs. 1 and 2) have the general shape of those of hemoglobin (5). As in 
the visible region, the maximum and minimum absorptions of myoglobin are 
located nearer the long wave-lengths than are those of hemoglobin (Table 
I). Reduced myoglobin (Mb) (Fig. 1) presents two maxima and two 
minima in the near infra-red. The difference between the wave-length of 
maximum absorption of Mb and Hb at 760 mu is small (Table I). 
Horecker (5) gives 760 my as the maximum of human Hb. Since this is 
the position of the maximum for horse Mb, measurements were made of 
horse Hb. In each of five separate measurements (one sample of blood) 
on purified reduced hemoglobin, the maximum occurred between 755 and 
757.5 my, or 2.5 to 5.0 my to the left of the maximum for Mb. 

The molar extinction coefficients of MbO, (Table II) in the region of 
maximum absorption are about 20 per cent greater? than those for Hb0: 
(5). This may be caused by the formation of acid MMb; however, caleu- 


? The molar extinction coefficient for MbO, at 510 my (Table IV) is also greater 
than that of HbQ, (5). 
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lations of the M Mb that could be formed in the time (2 minutes) necessary 
to explore the curve between 1000 and 900 my indicate that MMb does 
not account for this increment over HbOQ,. 

MbCO and MMDbCN (Fig. 1), like these derivatives of hemoglobin, are 
noteworthy for their transparency to near infra-red radiation. MMb 
(Fig. 2) is equally noteworthy for the influence of the hydrogen ion concen- 
tration upon the character of its absorption in these wave-lengths. The 
absorption values of this compound are so affected by variations of pH 
that it was necessary to take the data in Fig. 2 from a single experiment. 
In many other experiments, the data agreed in general character with that 
presented, but the values at any particular wave-length do not duplicate 
each other because of small variations in pH. The results of Fig. 2 show 


0.6 

° 

“0.5 
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Fig. 1. Absorption curves for Mb, MbO., MbCO, and MMDCN in the near infra- 
red region. 


the following: (1) at 1000 my the density of MMb decreases as the alkalinity 
increases between pH 7.0 and 9.8; (2) the density of MMb does not change 
as the acidity increases between pH 7.0 and 5.9 (myoglobin is unstable 
below pH 5.5); (3) an isosbestic point exists for all pH values of MMb at 
about 860 mu; (4) an absorption band exists in MMb above pH 8.0 which 
increases in intensity and shifts toward the shorter wave-lengths as the 
pH increases. 

Absorption Curves in Visible Wave-Lengths—The positions of the maxi- 
mum and minimum absorptions of myoglobin and its derivatives in the 
visible range (Fig. 3, Table I1) agree well with those in the literature 
(I-44), but there are differences between the extinction coefficients reported 
here and those reported elsewhere. 


Two other extensive investigations have been made of the absorption 
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curves of myoglobin (1, 2) made from crystalline material. Of these, 
Theorell (1) presents specific extinction coefficients, while Kiese and Kaeske 
(2) give only curves in which log Jo/J is plotted against wave-length. 
The values at the maxima and minima for four derivatives of myoglobin 


TaBLe II 


Mazimum and Minimum Molar Extinction Coefficients of Horse Heart Myoglobin and 
Its Derivatives between 450 and 1000 my 


| No. of | Molar extinction ~ 
| “ments | length 
| 

Mb 5 480 | 3.92 4.18 3.72 
4 555 12.92 13.09 12.72 

5 740 0.35 0.37 | 0.34 

5 760 0.40 0.42 0.39 

5 840 0.20 0.22 0.19 

5 920 0.24 0.25 0.23 

MbO; 3 510 5.5 5.6 5.5 
5 544 14.6 14.65 | 14.50 

4 564 8.5 8.51 8.42 

5 582 15.1 15.3 14.8 

0.10 0.11 0.10 

4 940 0.36 0.37 0.35 

4 950 0.36 0.37 0.35 

MMbCN 5 510 6.87 7.07 6.43 

540 11.3* 

7 780 0.04 0.08 0.01 

MbCO 4 500 5.29 5.64 5.14 
| 6 540 14.85 | 15.00 | 14.62 

i. 560 10.57 | 10.70 | 10.40 

577 12.95 13.15 | 12.72 

Acid MMb,t visible aan: 470 7.55 7.58 7.50 
3 500 9.85 9.90 9.82 

3 580 2.97 3.04 2.93 

3 630 3.71 3.66 3.77 


| 


* Drabkin’s value (7). 
t pH 6.00, 6.59, and 7.11. 


studied in this investigation are compared with those of Theorell (1) and 
Kiese and Kaeske* (2) in Table III. The new values presented in this 


* As stated above, Kiese and Kaeske (2) show their results on hemoglobin and myo- 
globin as graphs in which log /o// is plotted against wave-length. They do not indi- 
cate the base of the logarithms, and it is impossible to tell which base they used 
by such methods as comparing their results with others established in the literature. 
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‘ paper are intermediate to those from the literature, but for reasons pre- 
ke sented,? no valid comparison can be made with the values given by Kiese 
i and Kaeske. The new values agree substantially with those of Theorell. 
re There are, however, disagreements which require comment. For example, 


the new « values for MbO, (Table IV) are higher than those of Theorell. 
| Possibly, since he oxygenated with air, his results were influenced by the 
= myoglobin oxidizing to MMb. Neill and Hastings (10) and Brooks (11) 


pH 5.69 AND 6.41 8.50 
| oe @ pH 7.01 B pH 9.00 
o.9}— 4 PH?7.49 xX pH 9.50 
° & pH 8.00 pH 9.62 
12 w, 08 
24 | 
0.7 
23 
50 
8 6 / 
-35 x a3 
43 
2 7 
& 2 
).01 
1.62 
).40 
7 50 680 720 760 800 840 880 920 960 1000 
9 82 WAVE LENGTH 
2.93 Fig. 2. Effect of pH on the absorption curves of MMb in the near infra-red region 
3.77 
eek have shown that hemoglobin oxidizes readily at the oxygen tensions of air 
and this may apply to myoglobin. The error introduced by the oxidation 
1) and For example, the molar extinction coefficient of HbO:, a compound sufficiently 


a this stable to lend itself to accurate measurement, was found to be 15.0 * 10° at 540 
tw by Horecker (5) and 15.3 X 10° by Drabkin and Austin (13). If Kiese and Kaeske 


\d myo- wed logiy their concentration of hemoglobin (with 16,600 as the equivalent weight) 
ot indi- makes ¢ = 19.5 x 10%. If they used In., « = 8.5 X 10%. Neither of these values agrees 
ay used mificiently well with established values to give a clue for interpreting their results 


erature. oa my oglobin. 
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Fic. 3. Absorption curves for Mb, MbCO, and MMDbCN in the visible region 
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Wave-Lengths of Mazimum and Minimum Absorption of Myoglobin Derivatives and 


Derivative 


Maxima 

Waves! Wave. x Wave! 10-8 Waves x 10-9 
582 | 15.1 | 582 | 12.6 | 586 | 17.0 564! 8.5 
544 | 14.6 | 542 | 12.3 | 5471 17.5 510! 5.5 
555 | 12.9 | 555 | 11.2 | 555 | 29.8 480/| 3.9 
577 | 12.9 | 579 | 12.6 | 580 | 17.5 560° 10.6 
540 | 14.8 | 540 | 12.3 | 540 | 19.2 500| 5.3 

579 | 10.0t | 

540 | 12.0t 
630 | 3.7 630! 4.0| 7.2t 3.0 
500 | 9.8 500) 8.8 | 17.0 7.6 


* The values in these columns are calculated on the basis that the authors used 
log 19 and not In, (see foot-note 3). The wave-lengths are approximations. 
t The values for human MbCO are from Theorell and de Duve (9). 
t The pH of these preparations is not given, but they were undoubtedly acid. 


Their Molar Extinction Coefficients from This Paper and Liter 


ature 
Minima 
Kiese and 
Theorell (1) Kaeske (2)* 
564 | 7.2 | 575 | 15.2 
500 | 4.5 | 512) 8.2 
480 3.5 | 480) 9.3 
560 | 9.5 | 565 | 16.0 
500 | 4.8 495) 8.3 
5953.5 
465 | 6.9 | 475 | 15.4} 


——- | 
| | | | | | | 
. » 
|| 
» 
| 
Mb | 
MbCO | 
| | 
MMb, | | 
pH 7.0 | | | | 
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of MbO, to acid M™Mb in these experiments has been estimated to be no 
greater than 1.3 per cent. The new values for MbO, agree well with those 
found by Horecker (5) and Drabkin and Austin (13) for HbOs. 

Theorell (1) found the extinction at the a and 8 bands of horse MbCO 
tobe about equal. Theorell and de Duve (9) found the extinction of the 


 aband to be less than that of the 6 band in human myoglobin; however, 


their values for human myoglobin, transformed to e, are lower than those 
for horse MbCO. If the extinction of MbCO in thea band is appreciably 
lower than in the 8 band it represents an outstanding difference between 


Tasie IV 
Molar Extinction Coefficients of MbO, in Visible Region 


The coefficients other than those necessary to indicate the wave-length of the 
maxima and minima are not shown because of the rapid oxidation of MbO, to MMb. 


Molar extinction coefficients, « X 107? 


Wave-length No. of readings 

Average | High Low 
my 
584 4 14.8 15.1 14.7 
582 5 15.1 15.3 14.8 
580 4 14.7 15.1 14.3 
566 3 8.6 8.6 8.5 
564 4 8.5 8.5 8.4 
562 | 3 8.6 8.6 8.5 
546 5 14.4 14.5 14.4 
544 | 7 14.6 14.7 14.5 
542 | 5 14.3 14.4 14.2 
514 | 3 5.6 5.62 5.53 
§12 3 5.5 5.56 5.50 
510 3 5.5 5.56 5.50 
508 3 5.6 5.60 5.52 


myoglobin and hemoglobin, because in HbCO the extinctions in the a and 6 
bands are equal (5, 13). In these studies, measurements were made on 
sx solutions of horse MbCO, and in each the difference (1.90 * 10%) 
between the maximum e values of the a and 8 bands (see Fig. 3) is sub- 
stantiated. De Duve (14) has recently found this difference between the 
aand 8 bands in human MbCO in curves whose absorption values closely 
resemble those of horse MbCO reported here (Table IT). 

The wave-length of the maximum absorption of Mb is very near, if not 
thesame as that for Hb. In Table III it will be seen that the maximum 
‘orhorse Mb occurs at 555 my according to Theorell (1), Kiese and Kaeske 
2), and this study. The maxima for human (5) and dog (13) Hb also 
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occur at 555 my. Density readings made in this study on purified horse 
Hb were found to be maximum between 553 and 556 mu. 

The absorption curves for MMb are given in Fig. 4. The maximum and 
minimum absorptions for acid MMb are given in Table IT. Tabulated 
data for MMb at pH values above 7.0 are not presented because, as in the 
near infra-red, the absorptions are so affected by variations of pH that they 
are difficult to duplicate, and, consequently, curves are as useful as values 


12.0 


° 

x 

z 

7.0 \ 

6 0 \\ — 
z 

5.0 

O pH 0.56 
@ pH 6.90 

3-OF— pres? 

a pH 6.15 


@ PH 6.3, 6.6, AND 7.0 \ 


.O 

460 480 500 520 540 S560 580 600 620 640 660 680 
WAVE LENGTH 

Fic. 4. Effect of pH on the absorption curves of MMb in the visible region 


° 


Below pH 7.0, MMb apparently exists as pure acid MMb. The family 
of curves in Fig. 4 resembles those of Haurowitz (15) and Austin and 
Drabkin (16) for methemoglobin (MHb). No effort was made to increase 
the pH to the alkalinity at which the myoglobin is 100 per cent alkaline 
MMb. The possibility of getting 100 per cent alkaline MMb is doubtful 
because of the formation, even though in small quantities, of alkaline 


| 


hematin. Any alkaline hematin present would influence the densities — 
sufficiently that duplication could not be obtained. 
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The absorptions of MMb are of the same magnitude, regardless of pH, 
at wave-lengths 628, 525, and 495 my (Fig. 4). Similar isosbestie points 
exist for MHb (15, 16), but in each instance the wave-lengths of equal 
absorption of MMb, like the wave-lengths of maximum absorption, are 
nearer the red (5 to 10 mu) than for MHb. 


SUMMARY 


Absorption curves and molar extinction coefficients of horse heart myo- 
globin and several derivatives are presented for wave-lengths from 1000 to 
450 mu. In the near infra-red, the absorption curves resemble those of 
hemoglobin and, as in the visible range, the maxima are nearer the longer 
wave-lengths than those of hemoglobin. The absorption of metmyoglobin 
in the near infra-red is greatly influenced by pH values between 7.0 and 
9.5, except at 860 mu. 

In the visible range the maximum absorptions of carbonylmyoglobin are 
not only nearer the longer wave-lengths than those of carbonylhemoglobin, 
but the absorption in one band is less than in the other, which is not true 
for carbonylhemoglobin. The maximum absorption of reduced myoglobin 
in the visible range appears to be at the same wave-length as that of hemo- 
globin. Oxymyoglobin has maximum absorption coefficients considerably 
higher than those previously reported and only sightly, if at all, less than 
those for hemoglobin. The absorption by metmyoglobin is greatly in- 
fluenced by pH, and, since myoglobin oxidizes readily, this influence of pH 
is highly important in spectrophotometric studies. 


The author appreciates the suggestions given by B. L. Horecker in this 
investigation. 
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THE ROLE OF PHOSPHATE IN THE METABOLISM OF 
PROPIONIBACTERIUM PENTOSACEUM 


By H. A. BARKER* ano FRITZ LIPMANN 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, Boston) 


(Received for publication, January 3, 1949) 


Although it is commonly assumed that the fermentation of glucose and 
related substrates by propionic acid bacteria involves the phosphorylated 
intermediate compounds occurring in alcoholic fermentation, the evidence 
for this view is still incomplete. The first evidence for the occurrence of 
a phosphate ester in this type of fermentation was obtained by Virtanen 
(1) who observed a slow esterification of phosphate when glucose was acted 
upon by a preparation of dried bacteria. Virtanen and Karstrém (2) 
later isolated what they believed to be a hexose monophosphate from this 
system. No one has yet isolated either a hexose diphosphate or a triose- 
phosphate from a propionic acid fermentation. The utilization of hexose 
monophosphate apparently has not been investigated, but there are several 
observations on the decomposition of fructose-1 ,6-diphosphate. Pett and 
Wynne (3) observed a conversion of magnesium hexose diphosphate to 
methylglyoxal under the influence of dried bacteria in the presence of 
toluene, and also demonstrated the presence of hexosediphosphatase, a- and 
8-glycerophosphatases, and a weak pyrophosphatase in their preparation. 
Werkman, Stone, and Wood (4) have shown that proliferating cells of 
Propionibacterium pentosaceum are able to use hexose diphosphate, 3- 
phosphoglycerate, and a-glycerophosphate as energy sources for growth in 
the absence of fluoride. The rates of decomposition of these substrates 
are much lower than for glucose. This could be due to the slow entry of 
the compounds into the living cells, or to the necessity for a preliminary 
hydrolysis, or possibly to other causes (5). The ultimate products are 
qualitatively the same as those formed from glucose. Werkman, Stone, 
and Wood (4) have shown the conversion of hexose diphosphate to phos- 
phoglycerate by toluene-treated cell suspensions in the presence of fluoride 
and a suitable hydrogen acceptor. Phosphoglycerate can also be formed 
from glucose under similar conditions either in the presence or absence of a 
little hexose diphosphate (6). Pyruvate is the most effective hydrogen 
acceptor for the oxidation of glucose to phosphoglycerate (7). However, 
a without the addition of a hydrogen acceptor, a little phosphoglycerate 
is formed. 


* Present address, Division of Plant Nutrition, University of California, Berkeley, 
ornia. 
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This paper reports some observations on the réle of phosphate in the de. 
composition of several substrates, mostly sugars and polyalcohols, by q 
dried preparation of Propionibacterium pentosaceum. 


Materials and Methods 


Dried cells of Propionibacterium pentosaceum, strain E.2.1.4, prepared 
by the method previously described by Barker and Lipmann (8) were used 
in all experiments. Several attempts to extract soluble enzymes from the 
dried bacteria were unsuccessful. 

Two methods were used to study phosphate metabolism. 

Method 1—To demonstrate the primary phosphorylation of a substrate 
by reaction with a high energy phosphate donor, the bacterial preparation 
was added to a system containing the phosphate acceptor to be studied, 
a phosphate donor such as ATP or phospho-enol-pyruvate, 0.005 m iodo- 
acetate, 0.04 m to M/18 sodium fluoride, 0.1 m bicarbonate, and a carbon 
dioxide atmosphere. Iodoacetate inhibits oxidative processes and permits 
the accumulation of primary phosphate esters resulting from transphos- 
phorylation reactions. Fluoride inhibits the decomposition of the phos- 
phate esters. The transfer of phosphate from ATP results in the liberation 
of 1 mole of acid per mole of phosphate; in the presence of bicarbonate the 
rate of phosphate transfer can therefore be followed manometrically by 
observing the evolution of carbon dioxide. Reactions in this system were 
also followed by observing changes in properties of the phosphate com- 
pounds. The transferred phosphate was taken to be equal to the decrease 
in easily hydrolyzable phosphate (AP;) minus the increase in inorganic 
phosphate (AP; ). 

Method 2—To demonstrate the oxidative conversion of inorganic phos- 
phate to phosphate esters, a system containing the oxidizable substrate, a 
suitable hydrogen acceptor such as pyruvate or fumarate (8), inorganic 
phosphate, 0.1 m bicarbonate, 0.04 m to M/18 sodium fluoride, and a carbon 
dioxide atmosphere was used. In this system the oxidation of the sub- 
strate was generally accompanied by the conversion of inorganic phosphate 
to a difficultly hydrolyzable ester of an organic acid such as phosphoglyceric 
acid. The rate of the process could therefore be followed manometrically 
by observing the liberation of carbon dioxide from the bicarbonate buffer. 
All experiments were done at 30°. 

Inorganic phosphate was estimated by the method of Fiske and Sub- 
barow (9), “true” inorganic phosphate by the method of Lipmann and 
Tuttle (10), phosphoglyceric acid by the polarimetric method of Meyerhol 
and Schulz (11), phosphopyruvic acid by the method of Lohmann and 
Meyerhof (12), reducing sugar by the ferricyanide method of Folin and 
Malmros (13), succinate by the manometric method of Krebs (14), pyruvate 
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by the method of Lu (15), and lactate by the method of Barker and Sum- 
merson (16). The rate of hydrolysis of phosphate esters was determined 
by the method of Lohmann (17). 


Results 


Transphosphorylations from Adenosine Triphosphate (ATP) and Phos- 
phopyruvate—By the use of Method 1, it was shown that the bacterial 
preparation was able to catalyze the transfer of phosphate from phospho- 
pyruvate to glucose, arabinose, glycerol, and erythritol (Table I). No 
transfer was observed with sorbitol or mannitol. Essentially the same 
results were obtained in another experiment in which ATP was used in 
place of phosphopyruvate as a phosphate donor, except that sorbitol 
appeared to function to a slight extent as a phosphate acceptor. 


TABLE I 
Transphosphorylations from Phosphopyruvate 
100 mg. of dried bacteria were suspended in 3 ml. of the solution described in 


Method 1. Incubation time, 120 minutes. 
mg. mg. mg. 
ee 0.42 | 0.03 0.18 
0.42 | 0.35 0.00 
0.42 | 0.34 | 0.00 
0.42 | 0.00 | 0.25 
0.42 0.00 | 0.22 
Glucose... 0.42 0.31 0.04 
Arabinose.. . 0.30 0.00 


0.42 


The relative rates of phosphate transfer from ATP to various substrates 
are illustrated in Fig. 1; the phosphate transfer is proportional to acidifica- 
tion and is measured manometrically as carbon dioxide liberated from the 
bicarbonate buffer. Fig. 1 shows that the rate of transfer decreases in the 
following order: glycerol, glucose, erythritol, and sorbitol. In other experi- 
— was found to be phosphorylated at about the same rate as 

It should be noted that one of the two labile phosphates of ATP is taken 
up rapidly, while the second follows at a much slower rate, if at all. This 
indicates that only the terminal phosphate of ATP transfers to the sub- 
strates of the glycero-, erythrito-, sorbito-, and pentokinases present in 
this preparation. 

Coupling between Oxidation and Esterification of I norganic Phosphate— 
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Method 2 was used to study the esterification of inorganic phosphate that 
accompanied the oxidation of various substrates. 

Glycerol—Inorganic phosphate was rapidly utilized when glycerol and 
pyruvate were incubated in the presence of fluoride (Table II). The 
esterified phosphate was entirely in the form of a difficultly hydrolyzable 
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Fia. 1. The relative rates of phosphate transfer from ATP to various substrates 


ester which could be accounted for quantitatively as phosphoglyceric acid. 
The identity of the phosphoglyceric acid was established in a separate 
experiment by isolation of the crystalline barium salt which had a specific 
rotation of —684° in the presence of excess molybdate. The uptake of 
inorganic phosphate and the formation of phosphoglyceric acid were cot 
siderably inhibited by 0.005 m iodoacetate (Table II, Experiment 2). 
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In other experiments it was shown that in this system pyruvate and 
fumarate are reduced to lactate and succinate, respectively. Data on the 
glycerol-succinate system are given in Table IIT. It can be seen that the 
quantity of succinate formed is approximately equivalent to the phosphate 
esterified. 

TABLE II 
Oridative Phosphorylation of Glycerol and Erythritol Inhibition by lodoacetate 


70 mg. of dried bacteria were suspended in 3 ml. of the medium described in 
Method 2. Incubation time, 165 minutes. Quantities of substrates, pyruvate 100 
gm, glycerol and erythritol 50 mg. 


ASP (diffi-' AP (phos- 
Experiment No. Substrate Pi. P; AP;. phogly- 
able) acid)* 
meg. meg. me me me. 
l None 0.47 | 0.11 0.16 49 
Pyruvate 0.37 | 0.175) —0.11 | 0.05 207 
be + glycerol | 0.00 | 0.11 | —0.47 | 0.47 | 0.69 397 
* + erythritol | 0.21 | 0.09 | —0.27 | 0.295 0.195 | 238 
2 (0.005 m iodo-, None 0.56 | 0.12 20 
acetate) Pyruvate 0.38 | 0.27 | —0.18 | 0.02 227 
4 + glycerol | 0.34 | 0.25 | —0.22 | 0.09 306 
* Polarimetric method. 
TaB.e III 


Oxidative Phosphorylation with Glycerol and Fumarate; Determination of Succinate 


65 mg. of dried bacteria were suspended in 3 ml. of the medium described in 


Method 2. Incubation time, 130 minutes. Quantity of substrates, glycerol 50 mg., 
fumarate 100 ue. 


Substrates Pj. | Acid formed 
ms pl ul. pl 
0.415 
lycerol.... | 0.39 | 13 24 82 
0.35 | 39 98 205 
Glycerol + fumarate... 0.00 292 233 580 


Erythritol—The data in Tables II and IV show that erythritol is oxidized 
in the presence of pyruvate and fluoride with the uptake of inorganic 
phosphate and the formation of an approximately equivalent amount of a 
diffcultly hydrolyzable ester. The latter has not been identified, but it 
cannot be phosphoglyceric acid, judging from the results of the polari- 
metric estimation of this compound. No extra carbon dioxide was formed 
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when erythritol was added to pyruvate, but extra acid was formed, equiva- 
lent to about 0.5 mole per mole of phosphate esterified. 


TaBLe IV 
Oxidative Phosphorylation with Erythritol and Pyruvate; Determination of 
Phosphoglyceric Acid 
140 mg. of dried bacteria were suspended in 3 ml. of the solution described jp 
Method 2. Incubation time, 250 minutes. Quantity of substrates, erythritol % 
mg., pyruvate 250 un. 


| le) acid)* | 

Erythritol............ LB «0.18 | 0 0.26 146 
3s + erythritol.. 0.30 | 0.10 —0.93 | 0.96 0.39 2700 

* Polarimetric method. | 

TABLE V 


Oxidative Phosphorylation with Sorbitol and Mannitol 
150 mg. of dried bacteria were suspended in 3 ml. of the solution described in 
Method 2. Incubation time, 540 minutes (Experiment 1) and 120 minutes (Ex- 
periment 2). Quantities of substrates, pyruvate 250 um, sorbitol 80 mg., mannitol 


| AP (diffi- P ( 
Experiment Substrates Pi, Pr APA, phoglyceric 
lyzable) acid)° 
| mg. mg. mg. mg. me 
None 2.76 0.16 0.09 
_ Pyruvate 2.10 | 0.52 | -0.66 | 0.30 | 0.35 
- Sorbitol 2.73 | 0.17 | -0.03 | 0.0 | 0.07 
_ Pyruvate + sorbitol 1.61 0.35 | —1.15 0.95 | 0.47 
2 | None 0.77 0.00 | 
Pyruvate 0.49 0.19  —0.28 | 0.095 | 
+ mannitol 0.39 —0.38 0.23 


* Polarimetric method on lead precipitate. 


Sorbitol—Sorbitol alone was not metabolized to an appreciable extent, 
but when pyruvate was also present the esterification of inorganic phos- 
phate was about twice as great as with pyruvate alone (Table V). Most of 
the ester formed from sorbitol was difficultly hydrolyzable, but only a 
part of it, not more than half and probably much less, was phosphoglyceric 
acid. The remaining part was not identified. The available data on the 
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formation of acid in the oxidation of sorbitol are not entirely consistent, 
but indicate a small formation of acid. No carbon dioxide was produced 
under the conditions of these experiments. 

Mannitol— This compound behaved much like sorbitol (Table V). There 
was a slow uptake of inorganic phosphate with the formation of a difficultly 
hydrolyzable ester that was not phosphoglyceric acid. Acid production 
was much smaller than with glycerol. 

Inositol—In the presence of pyruvate as an oxidant, inositol was me- 
tabolized with the formation of acid and a reducing compound, but there 
was no significant uptake of inorganic phosphate (Table VI). The increase 
in reducing value calculated as glucose (15.8 wm) was approximately 
equivalent to the extra acid (13.0 um). The reducing value was not ap- 
preciably altered by 7 minutes hydrolysis at 100° in Nn HCl, but after such 


TaBLe VI 
Oxidative Phosphorylation with Inositol and Pyruvate 
100 mg. of dried bacteria were suspended in 3 ml. of the solution described in 
Method 2. Incubation time, 180 minutes. Quantity of substrates, inositol 50 mg., 
pyruvate 150 uM. 


Substrates | Pj. Py “Glucose” COs + acid 
| meg. | meg. mg. | pl. 
183 
Inositol... | 0.76 0.08 | 1.00 | 190 
Inositol + pyruvate. . 0.40 | 3.96 1100 


* After7 minutes acid hydrolysis this sample gave a greenish color with molybdate 
alone that interfered with the phosphate determination. 


treatment a compound was formed which reacted with the Fiske-Sub- 
barow molybdate reagent to give a green color that interfered with phos- 
phate determinations. Before hydrolysis this effect was not produced. 

Glucose—Glucose alone was metabolized slowly in the presence of fluo- 
ride, but on the addition of pyruvate or fumarate as an oxidant, there was a 
fairly rapid formation of acid and carbon dioxide and an uptake of inorganic 
phosphate. Typical data are given in Table VII. The molar ratio of 
phosphate esterified to glucose decomposed, corrected for the control with 
fumarate alone, varied in different experiments from 1.1 to 1.7, averaging 
about 1.5. Since there is evidence for a slow hydrolysis of the phosphate 
esters, it seems likely that the bacterial preparations are capable of esteri- 
fying a maximum of 2 moles of phosphate per mole of glucose. 

The nature of the phosphate ester was investigated in some detail. 
Triose phosphate and phosphopyruvate were shown to be absent; no 
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inorganic phosphate was liberated by alkaline hydrolysis or by oxidation 
with iodine in alkaline solution. Most of the ester withstood hydrolysis | 
with n HCl for 2 hours, suggesting the presence of phosphoglyceric acid, — 
In a larger scale experiment in which glucose and pyruvate were incubated 
for 7 hours at 30° in the presence of m/18 fluoride and 0.025 m phosphate, 
phosphoglyceric acid was isolated and identified by its optical rotation 
(fa@]p = —700°) and the phosphorus content of the barium salt (found 
8.35 per cent; theoretical 8.53 per cent). The twice recrystallized product 
represented 54.5 per cent of the total phosphate taken up. Application 
of the polarimetric method of Meyerhof and Schulz (11) indicated that alJ 
the ester phosphate in the reaction mixture was phosphoglyceric acid. 


TaBLe VII 
Oxidative Phosphorylation with Glucose, Arabinose, and Fumarate 


150 mg. of dried cells were suspended in 3.5 ml. of a solution containing 0.1 y 
NaHCoO,, m/18 NaF, and 0.025 Gas phase, CO... Quantities of sub. 
strates, fumarate 100 um, glucose and arabinose 40 ym. Incubation time, 385 min. 
utes. 


So 


| Sugar | CO:+ | gp, | Volatile | 


Substrate consumed | acid acid 8 sugar 


pl. | ul. | ul. | pl. 
Fumarate | | 304 | | 
r + arabinose (total) 609 1014 —669 1030 
rected) * 609 710 — 558 322 ).92 
Fumarate + glucose (total) 666 1189 —836 960 | 
+ (corrected )*. 666 SS2 —725 252 1.09 


2k 


* Corrected for control with fumarate alone. 


Arabinose—This compound behaved very much like glucose, The data 
of Table VII show that the oxidation of arabinose resulted in the formation 
of acid and carbon dioxide and the esterification of phosphate to the extent 
of 0.92 mole per mole of arabinose decomposed. In several experiments, 
this ratio, corrected for the control without arabinose, varied from 0.92 to 
1.25, the average being about 1.05. This is appreciably smaller than the 

ratio obtained with glucose. The phosphate ester was shown to consist 
entirely of phosphoglyceric acid by the method of Meyerhof and Schulz. — 
‘Almost pure barium phosphoglycerate was isolated in 36.5 per cent yield 
(fa}p = —689°; P 8.22 per cent). There was some formation of volatile 
acid from arabinose in spite of the presence of fluoride, the yield in two ex- — 
periments being approximately 0.5 mole per mole of arabinose. About — 
the same yield of volatile acid was also obtained from glucose (Table VID. 

Pyruvate—The fermentation of pyruvate in the presence of fluoride 
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was accompanied by a small esterification of phosphate (Tables IV and 
VI). The ratio of phosphate esterified to pyruvate decomposed varied 
from 0.09 to 0.33. The highest value was obtained with 0.1 mM sodium 


fluoride. In the absence of fluoride no inorganic phosphate disappeared. 


Most of the inorganic phosphate utilized could be accounted for by an 
increase in easily hydrolyzable phosphate. ‘This ester was shown to be 
precipitable by barium ion at pH 5 but was not further characterized. 
The ester is probably not ATP, since the quantity formed in some experi- 
ments appeared to be greater than could be accounted for by the adenylic 
acid content of the system. Possibly the compound is an inorganic pyro- 
phosphate. Acetyl phosphate and phosphopyruvate could not be detected 
among the products of pyruvate decomposition. 


DISCUSSION 

The experimental results support the belief that propionic acid bacteria 
utilize phosphate compounds in much the same way as do other organisms 
that have been more thoroughly studied, and they also provide some specific 
information concerning the breakdown of sugars and polyalcohols. 

The data show that glucose, arabinose, glycerol, and erythritol are 
rapidly phosphorylated by a reaction with ATP. Phosphopyruvate can 


_ also serve as the phosphate donor, but it is probable that this compound 
acts through the adenylic acid system. In contrast with the above sub- 


strates, mannitol and sorbitol are phosphorylated very slowly or not at all 
by reaction with ATP, although these compounds are readily fermented. 

With glucose as a phosphate acceptor considerably more than 1 mole of 
phosphate was transferred per mole of glucose, indicating a formation of 
hexose diphosphate. The latter compound is probably converted to triose 
phosphate and then oxidized. The experiments on the oxidation of glucose 
in the presence of fluoride with pyruvate or fumarate as a hydrogen acceptor 
showed that between 1.5 and 2 moles of phosphate were esterified per 
mole of glucose and that all of this phosphate was in the form of phospho- 
glyceric acid. 

With arabinose it was of interest to find out whether a mono- or a diphos- 
phate derivative was formed. Unfortunately the data are not conclusive 
wm this point, but they indicate that approximately 1 mole of phosphate is 
esterified per mole of arabinose oxidized. The ester was shown to be 
entirely phosphoglyceric acid. These results suggest that arabinose is 
converted to a pentose monophosphate which is split into a triose phos- 


_ phate and an unphosphorylated C2 fragment. 


The transphosphorylation experiments indicate that glycerol is converted 


toa monophosphate ester. With fumarate as a hydrogen acceptor, the 


glycerophosphate was evidently oxidized first to triose phosphate and 
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then to phosphoglyceric acid, which accumulated almost quantitatively 
in the presence of fluoride. 

Like glycerol, erythritol reacts with ATP to give what is probably a 
monophosphate. Since the oxidation of erythritol in the presence of 
fluoride results in the formation of acid and the esterification of inorganic 
- phosphate, it is likely that the following reactions occur. 


OHCHOHCHOHCH,OH + ~ph — CH,OphCHOHCHOHCH,OH 


CH,OphCHOHCHOHCOOph 


CH,OphCHOHCHOHCOOH + ~ph 


This scheme is further supported by the observation that neither phospho- 
glyceric acid nor carbon dioxide is formed in the oxidation of erythritol. 
We do not have any information on the further decomposition of the pos- 
tulated C, acid in a normal fermentation. 

Sorbitol is apparently not directly phosphorylated. The data are con- 
sistent with the view that sorbitol is first oxidized to a sugar which is 
phosphorylated and then oxidized with the generation of an energy-rich 
phosphate bond. The ester which accumulates is difficultly hydrolyzable, 
but cannot be phosphoglyceric acid. Mannitol seems to behave very 
much like sorbitol. 

There is considerable evidence that propionic acid bacteria form ace- 
tate by an oxidative decarboxylation of pyruvate (18). Since the oxida- 
tion of pyruvate by Lactobacillus delbrueckii was found to involve the inter- 
mediate formation of acetyl phosphate (19), it was thought likely that 
this compound would also be formed in pyruvate oxidation by propionic 
acid bacteria. However, all attempts to detect acetyl phosphate in our 
preparations were unsuccessful. If acetyl phosphate is actually formed, it 
must be rapidly decomposed. Most of the inorganic phosphate taken 
up is converted to an easily hydrolyzable compound that has some of the 


CH,OphCHOHCHOHCHO 


properties of inorganic pyrophosphate, although an organic pyrophos- — 


phate is not definitely excluded. 

Unlike the other fermentable substrates examined, inositol was neither 
phosphorylated directly by ATP nor oxidized with an uptake of inorganic 
phosphate. The oxidation of inositol in the presence of fluoride results in 
the formation of an acid and a reducing compound in approximately 
equivalent amounts. If the acidic and reducing properties belong to the 
same compound, the product of inositol oxidation may be a uronic acid 
or a somewhat similar compound. In this connection it may be noted 
that Kluyver and Boezaardt (20) observed the formation of inosose, 4 
reducing cyclose, as a result of the oxidation of inositol by Acetobacter 
suborydans. The propionic acid bacteria probably cause a further ox- 
dation with opening of the ring. 
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SUMMARY 


Transphosphorylations and the oxidative formation of phosphate esters 
have been studied with dried preparations of Propionibacterium pento- 
saceum With several substrates including glucose, arabinose, glycerol, eryth- 
ritol, mannitol, sorbitol, inositol, and pyruvate. The results show the 
importance of phosphate in the metabolism of propionic acid bacteria and 
provide some information concerning the manner in which the substrates 


are decomposed. 
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POLYMERIZATION OF 6-HYDROXYINDOLES AND ITS 
RELATION TO THE FORMATION OF MELANIN 
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(From the Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge) 


(Received for publication, January 11, 1949) 


Melanins are probably the most widely distributed pigments in the ani- 
mal kingdom. In the laboratory one can be formed by oxidative processes 
from 3,4-dihydroxyphenylalanine. On excellent grounds (1) an inter- 
mediate product (2) is judged to be an o-quinone indoline, |, or one of its 
tautomers, for example II or II’. Recent spectroscopic measurements 
(3) clearly favor I. 


O 


H, 
HO” 
| 
HO 
H 


(II) 


HCO.H 
HO 


Subsequent oxidation of this intermediate yields a melanin. The course 
of this change is not understood, although it seems clear (1-3) that tauto- 
meric changes occur to | so that structures of the type of II or II’ form. 

Some light might be thrown on the subject if the behavior of monohy- 
droxyindoles was known. 5-Hydroxyindole (4) is stable unless it happens 
to be formed in acid solution (5), where it can suffer the same type of 
vinyl polymerization which indole and skatole (6) undergo. 6-Hydroxy- 
indole has not yet been prepared. Good reasons exist for supposing that 
such a compound would have unusual polymerizing activity. For instance, 
the 3 position of indole is normally very active as seen in the Mannich re- 
action, certain condensation reactions, and the behavior with Grignard 
reagents. Mild oxidation, such as is used for changing hydroquinones to 
quinones, should convert a 6-hydroxyindole to a quinomethane, IIT. Qui- 
homethanes contain an unsymmetrically substituted vinyl system and as a 
class are highly susceptible to polymerization. The simplest quino- 
methane, IV, has never been prepared, but if two phenyl groups ure pres- 
ent, as in the well known fuchsone, V, there is sufficient stability to permit 
isolation. The as-diphenylquinodimethane, can- 
not be isolated (7) because of its great tendency to polymerize. While 
higher molecular weight analogues, such as dinaphthylquinodimethane, 


QO H 
(I) 
259 
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(CioH7)2C—=CeHi==CHb, can be isolated, they polymerize readily. In gen. 
eral a vinyl group unsymmetrically substituted and with 1 carbon part of 
the ring seems highly disposed toward polymerization. 


CH, C(C,.H,), 


(IIT) (IV) (V) 


These facts led us to study compounds (a) in which an 0-quinone might 
not, or could not, form and (b) in which a single phenyl! group is at the 3 
position in order to facilitate the isolation of what might otherwise prove to 
be an exceedingly unstable monomer. Sucha phenyl group is often used! 
in organic problems because of its stabilizing nature and, in the present 
instance, was expected to impart desirable characteristics. The two com- 
pounds selected were 2-carboxy-6-hydroxy-3-phenylindole (VI) and its 
5-methy] homologue (VII), which, apart from the features noted, are very 
similar to the indole, II, from 3 ,4-dihydroxyphenylalanine. 


Compound VI or its al ester could be isolated only in impure form 
although the 6-benzyloxy-3-phenylindole-2-carboxylate that immediately 
preceded VI was quite stable. The product obtained was always low in 
carbon, probably because of oxygen uptake at position 5. Causse’s (8) 
test with antimony trifluoride for o-diphenols was positive. The 5 posi- 
tion would be active because of the combined influence of the 6-hydroxy 
and the amino group. When the 5 position was blocked, as was done later 
in the preparation of VII, no oxygen was taken up. Hence the desired 
product, VI, was probably contaminated with the 5,6-dihydroxy com- 
pound (VIIT). | 

Isolation of pure VII proved feasible. Its oxidation with potassium 
chlorate-vanadium pentoxide or with ferric chloride, both mild reagents 


' For example, phenyl groups stabilize carbonium ions so that the isolation of — 
the stable carbonium triarylearbonium perchlorate is possible. It also slows down 
the tautomeric process of nitromethane so that the change can be observed. It is 
responsible for the unreactivity of chlorine in chlorobenzene. 


H 
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HO 
HO 
H 
(VIID) 


suitable for converting hydroquinones to quinones, vielded dark amorphous 
polymers, insoluble in common organic solvents and in dilute alkali. It 
is therefore clear that the 5 position is unnecessary for conversion to a 
melanin-like product. Polymerization takes place with great ease, even 
when the course of oxidation is restricted to the quinomethane path and a 
phenyl group is present to impart stability. 


( C Cc 
| 
HC CCO.H 
C-——CH 


(LX) 


While a vinyl function appears to be present in the hypothetical pri- 
mary oxidation product from VII and can cause polymerization, the actual 
course is obscured by one or more secondary reactions. A vinyl type of 
polymerization might give a structure, LX, for which the empirical com- 
position would be 2 hydrogen atoms less than for the monomer. But the 
products from polymerization showed higher percentages of carbon with 
loss in acidity. Carbon dioxide could not have been lost, because that 
would require a very large increase in percentage of carbon. Furthermore 
the ratio of carbon to nitrogen remained approximately constant at 16:1, 
rather than dropping to 15:1. The general change in composition indi- 
cates a condensation and the simplest one would be loss of water, the OH 
coming from the carboxyl group and the H from the NH of another un- 
oxidized molecule. The over-all oxidation-condensation process would 
then be expressed by the equation 


2C 6H —H,0==C 


The composition of the polymers produced in acetic acid was not far from 
this value. See Table I. 
The argument that the carboxyl group participates in an ordinary con- 
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densation as « secondary reaction during the polymerization seems to be 
sustained from the results in alcohol in which esterification could occur. 
In this cause the ratio of atoms of carbon to nitrogen would approach 18 
the more successfully esterification competes with the alternative conden- 
sutions. The data in Table I are consistent with this view. 


TABLE I 


Comparison of Atoms in Polymers from 6-Hydrory-5-methyl-3-phenylindole-9. 
carborylic Acid 


Ratio of atoms in polymer 


Monomer.......... | l 13 

Polymer (theory)... ..... 16 11 

“ (found in HOAc with KCIO;-V,0,). 16.05 11.3 2.46 
With FeCh. .. 2.1 
Polymer less H,O; theory for oxidation- | | | 

condensation 16 | | 
Polymer (found in EtOH with 17.20 | | 12.55 
With FeCl,........... | 17.3 
Polymer; theory for oxidation-esterification . | 18 l 15 


These results do not of course prove that the polymerization of a com- 
pound, such as II’ or VIIT, which has the hydroxyl group at Cs, must take 
place through the quinomethane path, but it is conceivable that polymer- 
ization does occur that way and that the hydroxyl group at C; activates, 
but does not directly participate in, the process. Attention should be 
drawn to the fact that, if oxidation had taken place to give a quinoimine 
X, as the initial step, the product would still be equivalent, in degree 0, 


CoH, 
ff W/Z IN 
(X) (X1) 


oxidation, to a quinomethane, XI, since the two structures can be pic- 
tured as contributing to resonance ina hybrid, as indicated by the formulas. 
The second form could then be the one that would yield the polymer. 

The methods of syntheses of the two compounds are outlined in Dia- 
grams 1 and 2. In general, each preparation involved the application of a 
Japp-Klingemann condensation to an appropriate intermediate in which 
the phenolic hydroxy! was protected by a benzyl group. The latter was 
then removed by aluminum chloride. 


ESS 
| 
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An attempt was made to prepare 1-methyl-3-phenyl-6-hydroxyindole 
in which the tendency for the 5 position to oxidize might be lessened. 
The method chosen necessitated the formation of the unsymmetrical hydra- 
zine, m-CeHsCH2OCsH.N (CH3)N He, which was to be used for the prepara- 
tion of a hydrazone and a Fischer indole synthesis. The scheme pro- 
ceeded satisfactorily through the preparation of the nitroso compound, 
m-CseHs;CH2OC.H«N(CH;)NO, but met failure in the reduction to the 
hydrazine. 


Diagram 1. Method of Preparation of Compound V! 


H,CC.H, 
— 
RO NHR’ NHN=CCO,C.H; RO \ 
H 
(XII to XV) (XVI and VI) 
XII, R = H,R' =H XV, R = C.H;3CH., R’ = H 
XII, “ =“ “ = COCH., “= 


XIV, “ = C.H,CH., R’ = COCH, VI, “ =H, R’=H 


Diagram 2. Method for Preparation of Compound VII 


CH, CH, CH, cH; 
H, NO, RO /CO:R’ 
(XVII) (XVIII to XX) (XXI and VII) 
XVIII, R = H, R' = O XXI, R = C.H,CH, R’ = C.H, 
XIX, “ = C.H,CH,, R’ = O VII, “ = H, R’=H 


An attempt was made also to prepare VI by way of the O-methyl in- 
stead of the O-benzyl ether. The experiments were successful until the 
last stage of cleavage, in which extensive polymerization took place to give 
a black solid. 

The authors are greatly indebted to Professor Charles H. Blake, of the 
Biology Department, for calling our attention to this problem of melanins 
and for many profitable discussions on their occurrence and properties. 
One of us, W. R.S., is also indebted to the American Cancer Society for a 
predoctoral fellowship during this study. 


EXPERIMENTAL 


3-Benzyloxyacetanilide, X 1V—-m-Hydroxyacetanilide (9) (220 gm., 1.46 
moles) was dissolved in 600 ml. of dry methanol containing 81.5 gm. (1.46 
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moles) of potassium hydroxide and methanol and water were removed 
under reduced pressure. Benzyl chloride (204 gm. or 1.6 moles), pre- 
viously dried over calcium chloride, and 315 ml. of anhydrous ethanol were 
then added to the solid potassium phenoxide and the mixture was re- 
fluxed on a steam bath for 2 hours. The mixture, when cooled and filtered, 
yielded a brown solid, and the mother liquor yielded more after being 
diluted with 100 ml. of water. The combined precipitates were washed 
with 500 ml. of cold 1 N sodium hydroxide and then with ice water. The 
yield was 259 gm. or 74 per cent. A sample was alternately crystallized 
from benzene, ethyl acetate, and alcohol until a white product, which 
melted at 122.5-123.5° (corrected), was obtained. This material was 
very soluble in chloroform and acetone, was soluble in nitromethane, etha- 
nol, and ethyl acetate, and was insoluble in petroleum ether, ether, cy- 
clohexane, benzene, and carbon tetrachloride. 


Analysis—C,sHis0O:N. Calculated. C 74.68, H 6.27, N 5.81 
Found. 74.35, 6.42, 6.01 


The above reaction was even better when the m-hydroxyacetanilide was 
refluxed with benzyl chloride in acetone that contained potassium car- 
bonate. The yield was 85 per cent. 

m-Benzyloxyaniline, XV—-This compound was prepared by refluxing 
145 gm. of the anilide, XIV, with 336 gm. (6 moles) of potassium hy- 
droxide in 2 liters of 90 per cent alcohol for 6 hours. The alcohol was then 
removed by distillation and the residue was extracted with ether. The 
extract was washed, dried over Drierite, and distilled (171°, 2 mm.). 
When redistilled, this oil solidified on standing. The pure product melted 
at 61-62.5°. It was very soluble in ether, ethanol, acetone, chloroform, 
carbon tetrachloride, and 1 N hydrochloric acid, and was insoluble in 
benzene, cyclohexane, and petroleum ether. 


Analysis—Cy,H,,ON. Calculated. C 78.36, H 6.58, N 7.03 
Found. 78.24, 6.53, 6.84 


The p-toluenesulfonyl derivative melted at 112-112.5° (corrected) and 
was soluble in acetone and chloroform, insoluble in ether, ethyl acetate, 
alcohol, benzene, cyclohexane, and alkali. 


Analysis—C2oH,,0;:NS. Calculated. C 67.95, H 5.43, N 3.96 
Found. ** 67.95, ‘* 5.33, “* 4.08 


Ethyl 3-Phenyl-6-benzyloxyindole-2-carboxylate, XV 1——m-Benzyloxyani- 
line, 24.9 gm. or 0.125 mole, was diazotized in a solution of 8.7 gm. (0.126 
mole) of sodium nitrite in 20 ml. of water, 150 gm. of ice, and 35 ml. of 
concentrated hydrochloric acid. This solution was then added at once 
to a solution of 27.5 gm. (0.125 mole) of ethyl a-benzylacetoacetate (10) 


\ 
i 
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in 190 ml. of alcohol, 40 ml. of water, and 15 gm. (0.375 mole) of sodium 
hydroxide. After 5 minutes, 300 ml. of water were added. The black 
oily precipitate was washed by decantation and then dried. This oil was 
dissolved in 50 ml. of dry alcohol and the solution saturated with dry hy- 
drogen chloride. Refluxing half an hour caused the separation of ammo- 
nium chloride. Addition of water precipitated a dark resinous mass after 
afew hours. Extraction of this crude material with petroleum ether gave 
a light colored solid which could be crystallized from alcohol, ethyl acetate, 
carbon tetrachloride, or nitromethane. Eventually a 17 per cent yield of 
tiny white square plates that melted at 165-165.5° (corrected) was ob- 
tained. 


Analysis—CxuHnOs;N. Calculated. C 77.60, H 5.70, N 3.76 
Found. 77.37, 5.86, 3.59 


3-Phenyl-6-hydroxyindole-2-carboxylic acid, V1—In a special creased flask 
(11) with inverted bottom, equipped with a mercury-sealed stirrer and 
reflux condenser, were placed 3.80 gm. (0.01 mole) of the ester, XVI, 4.1 
gm. (0.03 mole) of anhydrous aluminum chloride, and 200 ml. of dry ben- 
zne. The mixture was refluxed with stirring for 1 hour. The contents 
were then poured on ice and acidified with hydrochloric acid. The ice- 
cold solution was immediately extracted with ether and the ether in turn 
with sodium hydroxide. Tee was added to the alkaline layer and the red 
alkaline solution titrated with concentrated hydrochloric acid until a copi- 
ous white precipitate appeared. ‘The precipitate was filtered, washed until 
neutral to litmus, and dried at reduced pressure. A light brown solid that 
melted at 170-175° was obtained. It was soluble in sodium carbonate but 
the neutralization equivalent was high, being 264 instead of the calcu- 
lated 253. Furthermore, the amount of solid obtained was 2.62 gm., or 
20 mg. more than the theoretical amount. 

The above results indicated that some of the product had taken up 
oxygen. The 5 position was suspected and a test with antimony trifluo- 
ride for adjacent phenolic groups was made. The antimony trifluoride was 
dissolved in a saturated sodium chloride solution and the solution was 
neutralized with sodium carbonate solution until the precipitate which 
formed no longer dissolved. The solution was then filtered. The crude 
acid, VI, was dissolved in a volume of methanol equal to that of the in- 
organic solution. The two solutions were then warmed and mixed. A 
precipitate immediately formed, indicative of the diphenolic compound. 
The precipitate was filtered, washed with water to remove antimony and 
sodium salts, and then with methanol to remove organic acid. A small 
amount of black solid remained when the residue was dried. 

That all of the compound had not been oxidized to a diphenolic product 


d 
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was indicated by the results of an attempt to esterify the crude acid, VI, 
(2.52 gm.) with dry hydrochloric acid in 200 ml. of aleohol. The tempera. 
ture was maintained below 60° for 50 minutes. When the phenolic prod. 
uct was recovered by extraction and sublimation, the analysis suggested 
loss of nearly all of the carboxyl group. Accordingly the trace of ester was 
removed by saponification with 10 per cent sodium hydroxide, under nitro- 
gen atmosphere, a few mg. of sodium bisulfite also being added in order to 
prevent oxidation. The neutral material, 6-hydroxy-3-phenylindole, re- 
covered from these steps consisted of 200 mg. of a white solid that melted 
at 175-177° (corrected). 


Analysis —CyHy,ON. Calculated. © 80.33, H 5.30, N 6.69 
Found. “79.97, 5.36, “* 6.63 


Two further attempts were made to obtain a pure ester from the crude 
acid, VI; one was with the silver salt-methyl iodide method and the other 
was with diazomethane. In general, neither of these processes was success- 
ful. The product was usually a brown solid. Sublimation at 2 y and 
150° yielded lighter colored material, some even white, but none that cor. 
responded exactly with the value for the pure methyl ester. Each frac- 
tion was low in carbon and high in oxvgen, indicative of contamination 
with the oxidized product. 


4-Nitro-2-hydroxrytoluene, X VII 1——The synthesis of VIT began with tech- 


nical nitrotoluidine, XVIT, and followed the method of Ullmann and Fitz- 
enkam (12). The yellow crude product melted at 113-116°, and was used 
in the next step. The recorded value is 118°. 

4-Nitro-2-benzyloxytoluene, XIX--The benzyl ether was made by re- 
fluxing overnight 8.5 gm. (0.056 mole) of XVIII with 5.8 gm. (0.042 mole) 
of anhydrous potassium carbonate and 7.6 gm. (0.06 mole) of dry benzy! 
chloride in 150 ml. of acetone. The mixture was stirred gently to prevent 
bumping. The product was washed with 1 per cent sodium hydroxide 
and then with water. The yield of crude ether was 74 per cent. Re- 
crystallization successively from alcohol, petroleum ether, and methanol 
(decolorizing carbon used in the last) gave white microscopic needles which 
melted at 75.5-76° (corrected). The product was very soluble in ethy! 
acetate, benzene, and acetone, soluble in alcohol and methanol, and in- 
soluble in water. 


Analysis~—Cy,H,;O;N. Calculated. C 69.12, H 5.39, N 5.76 
Found. 68.84, 5.46, ** 5.75 


4-Amino-2-benzyloxytoluene, X X--On a steam bath 6.7 gm. (0.03 mole) 
of stannous chloride dihydrate, 8 ml. (0.1 mole) of concentrated hydro- 
chloric acid, and 20 ml. of alcohol were heated to boiling in a beaker. Ad- 
dition of 2.43 gm. (0.01 mole) of crude XIX caused a rapid exothermic re- 


| 
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action. In 10 minutes a copious white precipitate appeared. After 5 
more minutes the beaker was placed on ice, and the pasty solid recovered 
by filtration. Addition of 10 per cent sodium hydroxide produced an oil 
which was extracted with ether. Addition of a small amount of concen- 
trated hydrochloric acid then yielded 1.7 gm. (70 per cent) of a yellow solid. 
Sublimation at | mm. in a large test-tube gave first a yellow solid and then 
a pure white hygroscopic solid. The latter melted at 216.5-217° with de- 
composition. This hydrochloride of XX was soluble in hot alcohol and 
insoluble in alcohol, ether, benzene, acetone, and water. 


Calculated. C 67.33, H 6.46, N 5.61 
Found. 67.21, ** 6.38, ** 5.84 


Addition of alkah to the hydrochloride yielded an oil, XX, wiich dis- 
tilled at 157° and 1 mm. and had a refractive index, n2 = 1.6022. 


Analysis —C,,H),ON. Caleulated. C 78.84, H 7.09, N 6.57 
Found. tee 


Ethyl 3-Phenyl-5-methyl4 -henzylox yindole-3-carboxylate, X X I—This com- 
pound was made by the procedure used for XVI from 3 gm. (0.012 mole) 
of the crude hydrochloride of XX, 0.9 gm. of sodium nitrite, 24 ml. (0.024 
mole) of 1 N hydrochloric acid, 1.45 gm. (0.036 mole) of sodium hydroxide 
in5 ml. of water, and 2.65 gm. (0.012 mole) of ethyl benzylacetoacetate 
in 20 ml. of aleohol. The crude brown product amounted to 3.2 gm., 69 
percent vield. A cold methanol wash left a light brown solid which was 
crystallized from cyclohexane and then decolorized with carbon and re- 
crystallized from the same solvent. The final yield was 1.8 gm. (39 per 
cent) of white microscopic needles that melted at 173.5-174.5° (corrected). 
It was very soluble in ethyl acetate, benzene, ether, and acetone, soluble 
in hot methanol, ethanol, or cvclohexane, and insoluble in petroleum ether. 


Analysis—C2,H2,O;N. Calculated. C 77.91, H 6.00, N 3.64 


3-Phenyl-5-meth: Acid, VII—This com- 
pound was made by the method used for VI from 1.0 gm. (0.0026 mole) 
of the ester, X XI, 1.05 gm. (0.0078 mole) of aluminum chloride, and 100 
ml. of dry benzene. The vield was 585 mg. (84 per cent) of nearly white 
solid that melted at about 195°, and was very soluble in methanol, ethanol, 
ether, and acetone and insoluble in benzene and chloroform. Repeated 
crystallization from hot benzene and the use of decolorizing carbon would 
hot remove all the color. The light tan needles melted at 205-205.5° 
(corrected) with decomposition. Analysis showed a small trace of ash 


still present. 


Analysis—C,.H,;0,N. Calculated. C 71.90, H 4.90, N 5.24 
Found. ** 71.34, ‘* 4.92, * 5.19, ash 0.61 
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Oxidative Polymerization of VII—0.5 gm. (0.00188 mole) of VII was 
dissolved in 40 ml. of glacial acetic acid. A small trace of insoluble residue 
was removed by filtration. A solution (5 ml.) of vanadium pentoxide 
(1 to 2 mg.) in 1 N hydrochloric acid and 2 ml. (0.001 mole) of 0.5 N potas. 
sium chlorate was added. The solution immediately became jet-black. 
The next day the reaction mixture was filtered and the precipitate washed 
thoroughly with water. When dried, the purple-black solid, Fraction a, 
weighed 0.1 gm. 


Analysis—Found, C 74.87, H 4.42, N 5.44, ash, trace 


The filtrate was allowed to stand 5 more days and more polymer was 
collected. The dark brown solid, Fraction b, was washed and dried as 
before. This fraction had a neutralization equivalent of the order of 
10,000. When allowed to stand overnight in 10 per cent sodium hydroxide, 
only a little of Fraction b dissolved. None of Fraction a dissolved. Sub- 
sequently, after being filtered and washed, part of Fraction b dissolved to 
give a dark green solution. The residue was red. Carbon dioxide re- 
precipitated the polymer. Fraction b, C 73.11, H 4.95. 

Ferric chloride (4.0 ml. of 1 N solution) was used as the oxidizing agent 
in place of the chlorate. The black solid isolated by the end of 1 day 
was 0.137 gm. C 76.39, H 5.04, N 5.43, ash, trace. 

In alcohol solution the quantities of reagents were the same as in acetic 
acid. Potassium chlorate yielded 0.054 gm. of a red solid after standing 
overnight. C 74.77, H 4.59, N 5.06, ash, trace. Ferric chloride, by the 
end of 1 day had produced 0.073 gm. of a black solid. C 74.09, H 5.28, 
N 4.98. 

When oxidizing agents were not used, no precipitation occurred. 

N-Methyl-m-benzyloxyaniline —Sodium sand (4.6 gm. or 0.2 mole) was 
made by vigorous agitation in hot xylene in the high speed stirring ap- 
paratus (11) under an atmosphere of nitrogen. The xylene was cooled to 
60° and pure dry m-benzyloxyacetanilide, XIV, (48.2 gm. or 0.2 mole) 
was added with rapid stirring to insure thorough mixing. The temperature 
was raised to 100° and held at 100-110° for 1 hour. A rapid evolution 
of hydrogen occurred and the solution gradually became homogeneous. 
The heater was then removed and 18.9 gm. (0.15 mole) of dry methyl 
sulfate were added in small portions. When this highly exothermic re- 
action was completed, the solution was stirred an additional 15 minutes 
and then cooled and filtered. Xylene was removed from the filtrate by 
distillation at reduced pressure to give an oil. Meanwhile the jelly-like 
product on the filter was dissolved in water and more of the oil recovered. 
To the combined oil fraction 55 gm. of potassium hydroxide in 500 ml. of 
90 per cent alcohol were added. The mixture was refluxed for 48 hours. 
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The alcohol was removed by distillation and the residue extracted with 

ether. The ether extract was washed, dried with sodium sulfate, and 

distilled. At 156-165° and 1 mm., 40 gm. or 94 per cent of a straw-colored 

liquid were obtained. This product was dissolved in acetone, cooled to 

—72°, and filtered through a bed of solid carbon dioxide. The filtrate was 

then distilled twice and the N-methyl-m-benzyloxyaniline collected at 
144-145°, | mm., as a pale yellow liquid; n® = 1.5960. 
Analysis—Cy,H,,ON. Calculated. C 78.84, H 7.09, N 6.57 
Found. ** 78.90, ** 7.19, “* 6.82 


The acetyl derivative melted at 70-72°. It was soluble in all common 
solvents except cyclohexane and petroleum ether. 


Analysis—CisH,;O;:N. Calculated. C 75.27, H 6.71, N 5.49 
Found. “* 75.26, “* 6.80, ‘* 5.59 


The picrate was obtained when a boiling dilute hydrochloric acid solu- 
tion was mixed with a boiling saturated aqueous solution of picric acid. 
The product was crystallized from alcohol and then from ethyl! acetate to 
give large yellow-brown, four-sided prisms that melted at 138-138.5° 
(corrected). 


Analysis—C2oHsOsN«. Calculated. C 54.30, H 4.10, N 12.67 
Found. ** 54.40, 4.19, 12.80 


N-Nitroso-N -methyl-m-benzyloxyaniline—The above compound (1.0 gm. 
or 0.0047 mole) was partially dissolved in 82 ml. of 0.1 N hydrochloric 
acid. The mixture was cooled to 15° and an aqueous solution of 0.4 gm. 
(0.006 mole) of sodium nitrite was added rapidly with stirring. After 10 
minutes the orange-colored solution was extracted with ether. From the 
extract 0.9 gm. (88 per cent) of a brown-red solid was recovered. Crystal- 
lization from 1:1 ether-petroleum ether and then from methanol yielded 
orange-colored crystals that melted at 62-62.5°. It was soluble in chloro- 
form, ether, benzene, ethyl acetate, and hot cyclohexane, slightly soluble 
inmethanol and alcohol, and insoluble in cyclohexane and petroleum ether. 


Analysis—C,,H,,O2N2. Calculated. C 69.40, H 5.82, N 11.57 
Found. 69.70, 6.01, ** 11.58 


Reduction of this compound with zine dust and acetic acid failed to give 
the hydrazine. 

Ethyl 3-Phenyl-6-methoxyindole-2-carboxylate—m-Anisidine, 6.1 gm. or 
0.05 mole, was subjected to a Japp-Klingemann condensation with 11 
gm. (0.05 mole) of ethyl benzylacetoacetate, sodium nitrite, hydrochloric 
acid, and sodium hydroxide in the same manner and the same proportions 
a were used in the preparation of XVI. The resinous product was 
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crystallized alternately from alcohol and ethyl acetate until white needles, 
m.p. 176-176.5°, were obtained. 


Analysis—C,5H,;;0O;N. Calculated. C 73.22, H 5.79, N 4.74 
Found. 73.24, 6.08, 4.64 


When the ether was refluxed with aluminum chloride in chlorobenzene, a 
black solid was obtained. 


SUMMARY 


6-Hydroxy-3-phenylindole-2-carboxylic acid, similar in structure to a 
possible intermediate in polymerization of a hydroxyphenylalanine to mela- 
nin except for the stabilizing phenyl group, has been prepared and found 
to undergo easy oxidation at the 5 position to give probably the 5,6- 
dihydroxy compound. 

The 5 position has been blocked by a methyl group and the correspond- 
ing acid can be isolated. 
It undergoes polymerization in the presence of mild oxidizing agents to 
give a melanin-like product. 

The results are interpreted as showing that the 5 position is not neces- 
sarily involved in the polymerization of a 5,6-dihydroxyindole to melanin, 
since a quinomethane structure that involves the 6 position would be 
sufficient to give the polymer. 
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FACTORS INFLUENCING THE AGGLUTINATION OF RED 
BLOOD CELLS, RED BLOOD CELL STROMA, 
AND LYMPHOCYTES* 


By STEPHAN LUDEWIG anv ALFRED CHANUTIN 
(From the Biochemical Laboratory, University of Virginia, Charlottesville) 


(Received for publication, January 13, 1949) 


In a recent review of the literature (1, 2), many of the problems dealing 
with cellular agglutination caused by ricin are presented and discussed. 
Although this phenomenon was first described in 1888 by Stillmark, reac- 
tions involved in the agglutination of cells are poorly understood. The 
present report is concerned with factors which affect agglutination. Data 
are presented which show that erythrocyte, erythrocyte stroma, and lym- 


phocyte agglutination may be influenced by a large number of different 
materials and conditions. 


Methods 


The degree of agglutination of red blood cells was determined by a method 
described by Cannan.' This procedure is based on the ability of unagglu- 
tinated red cells to pass through filter paper. Human red cells (type O) 
were obtained from the hospital blood bank and were washed with buffered 
saline? three times with the aid of the centrifuge. A 5 per cent suspension 
of these cells was prepared in buffered saline and the mixture was filtered 
through Whatman No. 2 paper to remove clumped red cells. 

An agglutinin-rich precipitate was obtained by dialyzing an aqueous ex- 
tract of cold-pressed castor bean pomace against running tap water main- 
tained at 2°. This precipitate was suspended in saline and the insoluble 
material was removed by centrifuging. The agglutinin-rich supernatant 
served as a stock solution and retained its activity while frozen. <A dilute 


solution was prepared from the stock solution at weekly intervals and was 
kept at 5°. 


* The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and the University of Virginia. 
Under the terms of this contract the Chemical Corps neither restricts nor is re- 
sponsible for the opinions or conclusions of the authors. 

‘Cannan, R. K., personal communication. 

* The buffered saline solution (pH 6.9) was prepared as follows: a stock solution 
containing 35.0 gm. of KzHPO, and 13.5 gm. of KH.PO, was dissolved in a liter 
of water; 8.2 gm. of NaCl and 66 ml. of the stock buffer solution were mixed and 


brought to a liter with distilled water. The phosphate concentration of this solu- 
tion was 0.02 m. 
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The degree of hemagglutination was determined by the following pro- 
cedure: 1 ml. of washed cells and 3.5 ml. of the buffered saline were mixed 
in a 25 ml. Erlenmeyer flask; 0.5 ml. of the agglutinin-containing solution 
was added with continuous shaking. Shaking is essential for reproducible 
results. A control tube was prepared in which saline was substituted for 
the agglutinin solution. The mixture was transferred toa 10 X 100 mm. 
test-tube, which was plugged with a cellophane-covered rubber stopper, 
The tubes were placed in specially constructed racks which were rotated 4 
times a minute at room temperature for 30 minutes, when the tubes were 
immersed in ice water for 10 minutes and the contents filtered through 
Whatman No. 2 paper in the cold room. This procedure was found neces- 
sary for constant results, since large variations in the number of filtered 
cells were encountered if filtration was done at room temperatures. The 
filtrate containing the unagglutinated red cells was brought to room tem- 
perature and 1 ml. was added to 5 ml. of a saponin solution (0.05 per cent). 
The color intensity of the hemolyzed solutions was read in a Klett-Summer- 
son colorimeter with Filter 54. All determinations were done in duplicate. 
A straight line relationship is obtained between the degree of hemagglutina- 
tion with varying amounts of agglutinin. 

In order to test the effect of proteins’ and other materials on hemaggluti- 
nation, a standard procedure was adopted in which these materials were 
first dissolved in buffered saline and varying quantities were incubated with 
the diluted red blood cell suspension for 10 minutes. Inconsistent results 
were obtained with shorter incubation periods. The buffered saline pre- 
vented any appreciable change in pH which might be caused by the addi- 
tion of protein and other material. 

Human red blood cell stroma was prepared by a procedure described by 
Bernstein et al. (5). The dried stroma was first ground in a mortar, then 
suspended in physiological saline and treated for 2 minutes in a Waring 
blendor, run at top speed in the cold. The suspension was centrifuged at 
very low speeds for a few minutes and stroma particles of uniform size were 
present in the supernatant. These suspensions were prepared daily. In 
order to determine the degree of stroma agglutination, the routine pro- 
cedure finally adopted was as follows: 3 ml. of stroma suspension, 1 ml. of 
agglutinin-containing solution, and | ml. of a solution containing the test 
material or saline were rotated for 15 to 30 minutes and centrifuged at high 


* The human plasma fractions obtained from the Department of Physical Chem- 
istry, Harvard University, were prepared by ethanol precipitation. The rat and 
goat fractions were prepared in this laboratory (3,4). Crystallized bovine albumin 
was obtained from the Armour Laboratories and the concentrated commercial 
albumin manufactured by the Cutter Laboratories was purchased on the open 
market. 


| 


— 


8. LUDEWIG AND A. CHANUTIN 273 


speed. The supernatant was discarded. To the packed stroma, 2 drops 
of a saline-cosin solution were added and the mixture was well stirred. The 
suspension was diluted 20 times with saline-eosin in a white cell pipette and 
the agglutinated particles were counted in a counting chamber. Occasion- 
ally large clumps of agglutinated stroma were formed, which were respon- 
sible for unreliable results. 

To obtain lymphocytes, the thymus of a 60 day-old rat was teased while 
suspended in cold saline. The saline suspension of the tissue was filtered 
through muslin and the white cells were obtained in the filtrate. The cells 
were diluted so that the mixture contained from 500 to 1000 white cells 
premm. The lymphocyte suspension (4 ml.) was incubated with agglu- 
tinin (1 ml.) and the test material for 30 minutes. The non-agglutinated 
cells were counted and the percentage agglutination was calculated from a 
control lymphocyte-saline suspension. 


Results 


Effect of Plasma and Plasma Fractions on Agglutination of Human Red 
Blood Cells by Castor Bean Agglutinin—Representative data are plotted in 
Fig. 1, A for human plasma and several of its fractions which inhibit hem- 
agglutination. A potent antiagglutinin factor is present in Fractions IV-1, 
IV-4, and I1+ III; small amounts of these protein fractions are capable of 
preventing hemagglutination almost completely. Whole plasma and a 
commercial 25 per cent albumin solution (Cutter) are also effective anti- 
agglutinins. 

The Cutter albumin solution contains approximately 95 per cent albu- 
min. According to electrophoretic analysis, the proteins of the Cutter 
product used consist of 95 per cent albumin and small amounts of various 
globulins. In experiments discussed below, it will be seen that crystalline 
human plasma albumin has little effect or increases the extent of the agglu- 
tination. The acetyltryptophan, which is used as a stabilizing agent in the 
Cutter albumin, has no effect on hemagglutination. It, therefore, follows 
that the agglutinin-inhibitor is associated with one or more of the globulins 
which are present as impurities. 

Rat plasma and several of its fractions act as antiagglutinins for human 
red cells (Fig. 1, B). Comparatively large amounts of rat plasma proteins 
are necessary to inhibit hemagglutination. Fraction IV-4 is the most 
potent antiagglutinin. 

Crystalline human and bovine albumin and electrophoretically pure goat 
albumin do not influence hemagglutination. In the presence of relatively 
large amounts of the albumin (6 to 20 mg.), there is a gradual enhancement 
in the percentage agglutination. These findings are characteristic of mix- 
tures in which the control percentage agglutination is relatively low. When 
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the control percentage hemagglutination is at 60 per cent or over, addition 
of albumin causes a slight decrease in the percentage agglutination. 
Effect of Casein, Acacia, Sodium Nucleate, and Gelatin on Human Red 
Blood Cell-Agglutination Mixture (Fig. 2)--Casein (Labco) and acacia exert 
an inhibitory effect on hemagglutination. The results for casein are similar 
to those obtained for Fraction II (Fig. 1, A). The magnitude of these 
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Fic. 1. Effeet of human (A) and rat (B) plasma and plasma protein fractions on 


hemagglutination. 


changes depends on the initial degree of hemagglutination. Relatively 
small amounts of the nucleate are markedly effective in increasing the per- 
centage agglutination. Gelatin is the most effective protein, in terms of 
nitrogen content, in enhancing hemagglutination. 


Control experiments were conducted to determine whether the various 


test substances alone caused clumping of red cells. Under the conditions 
of these experiments, the red cells were not affected. 


Effect of Albumin on Agglutination and Hemolysis of Rat Red Blood Cells 
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(Table 1)--Red blood cells of the rat are unsatisfactory for hemagglutina- 
tion studies because of their marked fragility in saline. It was found that 
hemolysis could be minimized by goat, bovine, human, and Cutter albu- 
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Fig. 2. Effect of casein, acacia, nucleate, and gelatin on hemagglutination 
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Effect of Various Types of Albumin on Agglutination and Hemolysis of Red Blood 
Cells of Rat 


3.5 ml. of buffered saline containing 3.5 mg. of albumin were mixed with 0.5 ml. of 
agglutinin solution; 1 ml. of diluted rat red cells was added and the mixture treated 
scording to the regular procedure. The red cells were washed and diluted with 
buffered saline containing 0.1 per cent of the respective albumin. These experiments 
vere done on samples of the same rat red cells and run at the same time. 


Albumin Agglutination Hemolysis® 
per cent per cent 
Goatt. $2 3 
Bovinet 78 5 
Humant. 69 6 
Cutter 10 
None... 33 


* The degree of hemolysis was determined in the supernatant of the centrifuged 
red cell filtrates. 
t Electrophoretically pure or crystalline. 


mins. The percentage agglutination in the presence of 0.1 per cent of goat, 
bovine, and human albumins does not differ greatly. The globulins of the 
Qutter product are responsible for marked inhibition. 

Effect of Sequence of Mixing Components—In the method adopted for 
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determining the degree of hemagglutination, human red cells are added to 
solutions of the test substances and the agglutinin solution is added. When 
the sequence is varied by adding the red cells last, both Fraction IV-4 and 
casein are responsible for a greater inhibition of hemagglutination. The 
order of mixing has no effect in those experiments in which crystalline 
human albumin, nucleate, gelatin, or acacia is added. 

Red Blood Cell Stroma-Agglutinin Reaction—Agglutinin undoubtedly re- 
acts with or is adsorbed on one or more constituents of the red cell to cause 
agglutination. To study one phase of this problem, a mixture of stroma 
and agglutinin is incubated, the stroma is removed by centrifugation, and 
the amount of the agglutinin remaining in the supernatant is determined 
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Fic. 3. Effect of incubating red blood cell stroma with varying amounts of ag- 
glutinin as determined by the degree of hemagglutination in the stroma-free super- 
natant. 
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by the degree of hemagglutination. The results of three experiments in 
which the amounts of agglutinin and stroma were varied are shown in 
Fig 3. The three curves differ in shape, owing to the large variation in the 
amount of agglutinin present. It is clear that stroma removes appreciable 
amounts of agglutinin. Traces of aggiutinin appear to be present even 
after incubation with large amounts of stroma. These data do not offer 
-an explanation for the mechanism of agglutination but they do indicate 
that the red blood cell stroma reacts with or is affected by agglutinin. 
The above evidence indicates that stroma and agglutinin probably form 
a complex. The dissociation of the stroma-agglutinin complex was studied 
by extracting it at different hydrogen ion concentrations and determining 
the agglutinin content of the extracts. The agglutinin appears to be firmly 
bound by stroma between pH 5.2 and pH 7.7, since none is extracted at 
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these hydrogen ion concentrations. Relatively high acidic and basic con- 
ditions are necessary to dissociate the stroma-agglutinin complex. 

Agglutination of Stroma-—During the course of the experimental work 
with stroma, it was observed that this material was readily agglutinated by 
the castor bean agglutinin. In order to study this phenomenon quantita- 
tively, varying amounts of agglutinin were added to constant amounts of a 
special preparation of stroma of uniform size and the mixture was rotated; 
the clumps of agglutinated stroma were counted. A progressive increase in 
the percentage agglutination is obtained with increasing amounts of ag- 
glutinin. 

Fraction IV-4 does not completely inhibit stroma agglutination despite 
the presence of relatively large amounts of this fraction (10 mg.). It ap- 
pears that factors other than those present in stroma are involved in the 


TABLE II 


Agglutination of Lymphocytes in Presence of Crystalline Human Plasma Albumin, 
“Cutter”? Albumin, and Human Fraction IV-1 


Per cent agglutination Per cent agglutination 
Crystalline Cutter ) J mg. 
N 
0.20 | $1 73 19 0.03 25 8 
77 31 0.11 
0.33 87 84 41 0.14 43 | 13 
0.40 92 86 44 0.20 63 13 
0.45 92 88 46 0.33 79 25 


agglutination of red cells, since the latter are extremely sersitive in the 
presence of this fraction. The effect of crystalline human and bovine 
plasma albumin on the agglutination of stroma is similar to that observed 
with red blood cells. 

The influence of agglutinin on agglutination of stroma may be determined 
quantitatively between pH 6.9 and 7.7. Marked clumping is seen at lower 
hydrogen ion concentrations, while more alkaline reactions cause inhibi- 
tion. 

Agglutination of Lymphocytes (Table 11)—Lymphocytes of rat thymus 
are very sensitive to the castor bean agglutinin. According to the control 
deta, extremely small amounts of agglutinin have a marked agglutinating 
efiect on lymphocytes of rat thymus. The crystalline albumin has prac- 
tically no effect on agglutination, while the commercial Cutter product has 
an inhibitory effect. Fraction IV-1 is an effective inhibitor of lymphocyte 


In 

In 

n 

te 


278 AGGLUTINATION OF RED BLOOD CELLS 


agglutination. ‘These results show that inhibitors of red blood cell aggluti- 
nation are also effective for lymphocytes. 


SUMMARY 


Procedures are presented for quantitatively determining the agglutina- 
tion of red blood cells, red blood cell stroma, and lymphocytes by castor 
bean agglutinin. | 

The agglutination of human red cells is inhibited by (a) human plasma 
and plasma protein fractions, particularly Fractions IV-1 and IV-4; (b) 
commercial concentrated albumin solutions; (c) rat plasma and several of 
its protein fractions; and (d) casein and acacia. Hemagglutination is not 
affected or is slightly increased by crystalline human and bovine albumin 
and electrophoretically pure goat and rat albumin. 

Sodium nucleate and gelatin increase the degree of hemagglutination. 

Agglutination of rat red cells is inhibited by rat plasma and its globulin. | 
rich fractions. Hemolysis is prevented by small amounts of pure plasma _ 
albumins. 

The sequence of mixing agglutinin, red cells, and test materials may in- 
fluence the degree of hemagglutination. 

Red cell stroma removes agglutinin from solution and is readily aggluti- 
nated at the same time. The stroma-agglutinin complex appears to be 
stable between pH 5.2 and 7.7. This agglutination is inhibited by Frac- 
tion IV-4 and not influenced by albumin. 

Lymphocytes of rat thymus are readily agglutinated. Fraction IV-1 and 
commercial plasma albumin inhibit agglutination. 

The evidence presented in this paper does not permit any postulation ot 
the mechanism of agglutination. 


The authors are indebted to Caroline Ball and Barbara S. Willets for | 
technical assistance. | 
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CODECARBOXYLASE NOT PYRIDONAL-3-PHOSPHATE 
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anp I. C. GUNSALUS 

(From the Department of Bacteriology, Indiana University, Bloomington) 


(Received for publication, January 22, 1949) 


That pyridoxal, in a phosphorylated form, is the coenzyme of amino 
acid decarboxylases (1-4) has been well established. Other enzymes, 
including transaminase (5, 6), have also been found to be activated by 
this compound. The coenzyme has been prepared by chemical phos- 
phorylation of pyridoxal and purified as the barium salt, whose properties 
have been reported (7). Because the method of synthesis did not reveal 
the location of the phosphate, its position on the molecule was not specified. 

Recently reports have been published which state that synthetic pyri- 
doxal-3-phosphate, in the form of the crystalline acetal, is the coenzyme 
of the amino acid decarboxylases (8-10), although it lacks activity for 
the transaminases (11). We have previously (12) called attention to 
data which demonstrate that the barium salt of pyridoxal phosphate 
which we had prepared and purified (7) exhibited much greater coenzyme 
activity per unit weight than did a sample of pyridoxal-3-phosphate acetal 
prepared and characterized by Heyl, Harris, and Folkers (13). However, 
it has again been claimed (14) that the pyridoxal-3-phosphate acetal is 
the coenzyme of amino acid decarboxylases. 

It appeared that the best way to settle the difference of opinion was to 
‘est the compounds in question with a single enzyme preparation under 
identical conditions and thus let the enzyme decide which compound 


| possessed the greater activity. For this purpose Professor Karrer kindly 
furnished us a sample of the crystalline pyridoxal-3-phosphate acetal 


prepared by Karrer and Viscontini (8), to be tested along with the pyri- 


_ doxal-3-phosphate acetal prepared by Heyl, Harris, and Folkers (13) 


and the pyridoxal phosphate barium salt of unspecified structure which 


wehad prepared (7). 


The data in Table I show that for tyrosine decarboxylase enzyme 1 
mg. of barium salt of pyridoxal phosphate prepared by us is equivalent 


_ Inactivity to 1130 mg. of pyridoxal-3-phosphate acetal prepared by Karrer 


and Viscontini and to 1740 mg. of the pyridoxal-3-phosphate acetal pre- 
pared by Heyl, Harris, and Folkers (with use of values approaching Qco, 


‘Kindly supplied by the Research Laboratories of Merck and Company, Inc. 
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= 120, which is the most accurate portion of the assay curve). Since our 
preparation of the barium salt contains only 32 per cent bound pyridoxal 
(7), whereas the 3-phosphate acetal contains 59 per cent (11), on a molar 
basis our barium salt is 2000 and 3000 times more active than pyridoxal- 
3-phosphate. The slight activity observed in the pyridoxal-3-phosphate 
preparations may result from a small amount of transphosphorylation, 
either chemical or enzymatic, or possibly represent a small degree of re- 


TABLE I 
Activity of Pyridoral Phosphate Preparations in Tyrosine Decarborylation 


Sample | Oco, tyrosine 


Barium salt of pyridoxal phosphate (Sample 50-4, Gun- None 24 
salus et al. (7)) 0.0564 300 
0.0376 264 

0.0188 208 

0.0136 126 

0.0094 90 

0.0037 42 

Crystalline pyridoxal-3-phosphate acetal prepared by | 150 | 276 
Karrer and Viscontini (8) CdS | 120 

| 1.8000 | 

| 0.1500 24 

| 0.0150 24 

| 0.0015 24 

Pyridoxal-3-phosphate acetal prepared by Heyl, Harris, | 230 222 
and Folkers (13) 23 120 

| 2.3000 48 

0.2300 18 


The rate of tyrosine decarboxylation was determined with 1 mg. per cup of a 
vacuum-dried preparation of Streptococcus faecalis R grown in the absence of mem- 
bers of the vitamin Bs group (15) essentially as previously described (2) except that 
the measurements were made at 37° and the interval from 5 to 20 minutes after the 
addition of tyrosine was used to calculate the Qco, . 


placement of function. The latter seems unlikely in view of the lack of 
activity of 3-phosphate with the enzyme preparation used previously (12). 
In any event, it seems evident that pyridoxal-3-phosphate is not the 
coenzyme of tyrosine decarboxylase. 


SUMMARY 


A comparison of the activity in stimulating tyrosine decarboxylase of 
pyridoxal-3-phosphate prepared by Karrer and Viscontini, the pyridoxal- 
3-phosphate prepared by Heyl, Harris, and Folkers, and the pyridoxal 
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| phosphate of unspecified structure which we had prepared shows that 
| only the latter has marked activity. Therefore it is evident that pyri- 
 doxal-3-phosphate is not the coenzyme of tyrosine decarboxylase. 
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A considerable body of information has been accumulated concerning the 
metabolism of amino acids in vitro. However, virtually no information is 
available concerning the capacity of the mammalian organism to metabolize 
individual amino acids or mixtures thereof, although such data should be 
of interest both for comprehension of the pathways of amino acid me- 
tabolism and for the formulation of amino acids mixtures for clinical use. 
The experiments reported herein are the first of a series of such studies now 
in progress. 

Woodyatt and his colleagues (2-5), and numerous investigators since, 
studied the metabolism of glucose by measuring the rate of intravenous 
infusion at which it became possible to attain a steady state, viz. a constant 
blood glucose concentration. This approach is not feasible for amino 
acids, since virtually no renal threshold exists and, in addition, the rate of 
entry of amino acids into cells is variable and, in the case of skeletal muscle 
cells, quite slow. Therefore, in the present studies, whenever a single 
amino acid is considered, the rate of urea formation is regarded as equivalent 
to the rate of amino acid metabolism. The technique of constant rate 
intravenous infusion at rates sufficient to saturate deaminating mechanisms 
has been used. Since the primary purpose of the present work was to 
establish conditions whereby rates of metabolism may be studied, the 
methods are described in detail. Accessory findings, not directly related 
to the study of rates of metabolism, are also reported, since these are 
necessary for the evaluation of the other metabolic data. 

Glycine was the first amino acid selected for study. The data obtained 
are to serve as reference points in studies of the metabolism of other amino 
acids and combinations thereof which are now in progress. 


* A preliminary report of this work has been published (1). 

tThe data presented herein were taken, in part, from a thesis submitted by 
Henry Kamin to the Graduate School of Duke University in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy. 
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EXPERIMENTAL 


Female mongrel dogs, weighing from 5 to 15 kilos each, were used 
throughout the study. They were maintained on a mixed stock diet 
which they were allowed to eat ad libitum. All dogs were anesthetized 
with dial (diallylbarbituric acid, Ciba) or nembutal (sodium pentobarbital, 
Abbott), the level of anesthesia being maintained on as light a plane as 
was commensurate with the prevention of undue activity. When it was 
necessary to sacrifice control dogs for the purpose of obtaining tissue 
specimens, rapid ether administration was used. 

Blood samples were obtained by venipuncture, usually of the jugular 
vein, except for postmortem blood, which was obtained by heart puncture. 
Urine was obtained by means of an indwelling catheter, the bladder being 
rinsed thoroughly at each collection. 

The glycine solutions, which were delivered into the radial vein, varied 
in concentration from 2 to 9 per cent. Glucose solutions ranged in concen- 
tration from 5 to 15 per cent, and sodium chloride and sodium sulfate, when 
infused to induce diuresis, were administered as 0.45 and 1.5 per cent solu- 
tions, respectively. An amount of sodium chloride such as to make the 
final concentration 0.3 per cent was added to all solutions to replace possible 
salt loss accompanying diuresis. Solutions were usually infused by gravity 
from a previously calibrated 700 ml. graduated Pyrex infusion bottle 
equipped with a Murphy drip; the rate of flow was controlled by a tunnel 
clamp. In experiments in which constancy of rate of infusion was critical, 
an electrically driven constant rate intravenous pump was used. 


Analytical Methods—All blood analyses, unless otherwise stated, were — 
performed upon plasma, which was separated and deproteinized immedi- | 


ately after collection. Urine specimens were acidified to pH 2 to 3 with 
18 n sulfuric acid and preserved with toluene. 

Tissue filtrates for a-amino N determinations and microbiological deter- 
mination of specific non-protein amino acids were prepared by grinding the 
tissue in a Waring blendor with the appropriate protein precipitant, heating 
to 70-80° on a steam bath, and filtering while hot. 1 per cent picric acid 
was used for the preparation of filtrates for a-amino N determination; 
freshly prepared 1 per cent tungstic acid was used for microbiological 
amino acid analysis. Rat livers were deproteinized immediately upon 
removal, while tissue specimens from dogs were frozen rapidly in dry ice 
and acetone and stored at —5° to —8° until analyzed. 

Since in most cases glycine constituted by far the greatest fraction of the 
total a-amino N determined, it was necessary to perform blood and urine 
analyses under conditions which would insure maximum recovery of that 
amino acid. The procedure of Hamilton and Van Slyke (6) for the deter- 
mination of a-amino N in plasma was found to be directly applicable, with 


} 
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glycine recoveries of 95 to 97 per cent of the theoretical being obtained. 
The urine procedure of Van Slyke et al. (7), however, gave only 70 to 80 

r cent of the theoretical yield from glycine. This procedure was there- 
fore modified by heating in the presence of ninhydrin for 20 minutes at pH 
4.7 instead of 10 minutes at pH 2.5. Glycine recovery under the modified 
conditions was 93 to 95 per cent of theoretical; however, normal control 
urines analyzed under these conditions gave considerably higher results, 
often as much as 100 per cent higher than under the conditions of Van 
Slyke et al. (7). 

For determination of plasma urea N, a spectrophotometric modification 
of the method of Karr (8) was employed. Since excess tungstate precipi- 
tated and inactivated urease, protein-free plasma filtrates were prepared 
with one-half the quantities of tungstate and acid recommended for whole 
blood. Urine urea N was determined by incubation of aliquots of permutit- 
treated urine with buffer and urease, followed by direct nesslerization. 
Results by this method showed consistently good agreement with the 
aeration-titration method of Van Slyke and Cullen (9). All colorimetric 
determinations were performed with a Coleman junior spectrophotometer. 

Plasma non-protein nitrogen determinations were performed by a spec- 
trophotometric modification of the Koch-McMeekin method (10), and 
urine total nitrogen determinations were performed by a macro-Kjeldahl 
procedure. 

Microbiological amino acid determinations, except for glycine and glu- 
tamic acid, were performed by the method of Stokes et al. (11), with sodium 
citrate employed as the chief buffer salt in place of sodium acetate. L- 
Leucine was employed instead of synthetic pi-leucine, since it was found, as 
previously noted by Hegsted and Wardwell (12), that synthetic leucine 
contained significant quantities of isoleucine. Glycine was determined mi- 
crobiologically by the method of Shankman etal. (13), and glutamic acid by 
the method of Dunn et al. (14). All samples were adjusted to pH 6.8 
before addition to the basal medium, and final assay was performed by 
electrometric titration to pH 6.8 after a suitable incubation period. Urine 
samples were analyzed microbiologically with no treatment other than di- 
lution and adjustment of the pH; protein-free filtrates of plasma for micro- 
biological assay were prepared by the method of Hier and Bergeim (15). 

Determination of extracellular fluid volume was made by intravenous 
injection of 20 mg. per kilo of body weight of sodium thiocyanate and 
measurement of plasma thiocyanate concentration after an equilibration 
period of at least 1 hour. Thiocyanate determinations were performed by a 
spectrophotometric modification of the method of Barker (16). The rela- 
tive concentration of thiocyanate in tissues and plasma was used as a 
measure of extracellular fluid volume in tissues. 
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Total body water was considered to be 70 per cent of body weight: 
deviations from the initial body water content during the course of the 
experiment were calculated by adding the difference between fluid intake 
and urine output to the initial calculated water volume. The total body 
urea N content was calculated by multiplying the plasma concentration 
in mg. per liter by the liters of body water. The total a-amino N in 
extracellular fluid was calculated by similarly multiplying plasma a-amino 
N concentration by the extracellular fluid volume. 

Plasma and urine inorganic P was determined by the method of Fiske 
and Subbarow (17), chloride by the method of Van Slyke and Hiller (18), 
and plasma carbon dioxide-combining capacity by the method of Van 


Slyke and Cullen (19). 


Results 


Toxicity of Glycine—Glycine infused at rates higher than 1 mg. of N 
per kilo per minute was invariably found to be lethal, but after varying 
periods of time. The time was inversely proportional to the rate of admin- 
istration, so that toxicity depended upon the total dosage, rather than 
upon the duration of the infusion. At or below this apparently critical 
rate, the toxicity of glycine was variable; of twelve animals infused with 
glycine, or glycine plus glucose, at a rate of about 1 mg. of N per kilo per 
minute, eight expired after receiving doses of 360 to 1301 mg. of N per 
kilo (average, 774), and four survived doses ranging from 703 to 1970 mg. 
of N per kilo (average, 1212). The relationship between rate of glycine 
administration and time, dosage, and other factors with which correlation 
was attempted is illustrated in Table I. 


As can be seen from Table I, glycine toxicity can be correlated better | 


with total dosage than with any other quantity listed. It should be noted 
at this point that the fluid intake accompanying glycine infusion bore no 
quantitative relationship to toxicity; there were no deaths among a group 


of controls infused with comparable quantities of glucose, sodium chloride, — 
and sodium sulfate solutions. Since, as will be seen further, the maximum _ 
rate of urea formation from glycine is of the order of 0.8 mg. of N per kilo — 
per minute, it is possible that the variations in glycine toxicity in the 


neighborhood of that rate of administration may be related to that finding. 


In all cases, although the time interval between the appearance of | 


characteristic symptoms and the death of the animal varied, the pattern 
of symptoms was quite consistent and could readily be recognized by 
observers. The first sign of toxicity was usually nausea and vomiting. 
It is not believed that this symptom is entirely specific, since it was occa- 
sionally observed in control animals. Nausea and vomiting had _ been 
observed by other workers (20-23), but in their experiments, this symptom 
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disappeared and recovery ensued upon the discontinuation of the infusion. 
It must be presumed, therefore, that this symptom occurs during a reversi- 
ble stage of glycine intoxication and is a forerunner rather than an integral 
part of the irreversible syndrome to be described. 

At varying intervals after the appearance of nausea and vomiting, 
respiration became slower and more abdominal in character. As time 
progressed this change became more marked until, near the end, respiration 


TaBLe I 
Quantitative Aspects of Glycine Toxicity 
The results are averages of the determinations performed. The figures in paren- 
theses refer to the range. 


rate (2 dogs) Low rate® (4 dogs) 

Rete of adminis 1.4-5.1 | 2.9 0.95 
tration, mg. N (2.7-3.1) (7.7-7.8) | (0.84-1.1) 
per kg. per min. 

Time until death 225 | 242 | 91 
or terminal (216-236) | (138-236) (83-99) 
symptoms, min. | | 

Glycine N in- 592 689 1026 
fused, mg. per (476-691) (400-910) (605-772) (697-1310) 
kg. | | | 

Glycine N accu- «126 92t | 105 | 23 
mulated in cells, (122-128) | (70-121) (94-116) (0-89) 
mg. per kg. | | : 

Plama a-amino N, 73 | 89t 134 22 
terminal, mg.% (59-83) (51-135) (124-144) (12-33) 

Urea N formed, 188 7 ae 67 949 
mg. per kg. (157-229) (142-395) (49-84 ) (519-1270) 

Liver a-amino N, 147§ 58§ 
mg. per 100 gm. (88-145) 


* Includes only those dogs for which complete data were available. 
t Four dogs. 

Five dogs. 

§ One dog. 


| consisted of occasional convulsive gasps, with marked contraction of the 
_ diaphragm and abdominal muscles, alternating with prolonged periods of 


apnea. Cyanosis, hypothermia, and oliguria or anuria marked this 


_ terminal stage. Once respiratory changes had been noted, discontinuation 


of the infusion and the administration of coramine, metrazol, or adrenalin 
failed to produce recovery. The interval between the appearance of 
respiratory distress and the death of the animal varied between several 
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minutes and 2 or 3 hours. However, several animals expired quite 
suddenly. 

Throughout this terminal period, heart action appeared to remain 
normal, and did not cease until after complete respiratory failure. Upon 
autopsy, the heart was found to be in complete diastole; other than this, 
no gross abnormalities were evident. 

The most obvious biochemical changes during this terminal period were 
of renal origin which, in turn, may have been secondary to anoxia. There 
was oliguria, a drop in the renal clearance of all substances measured, and 
a corresponding increase in their plasma concentration. There were, how- 
ever, some metabolic manifestations apparently not related to renal failure. 
Thus, there were a decrease in the rate of urea formation and an accelera- 
tion of the rise in blood glucose. The latter cannot be ascribed to renal 


II 
Biochemical Manifestations of Glycine Toxicity 
Dog 6; weight, 15.9 kilos; glycine infusion rate, 2.9 mg. of N per kilo per minute; 
fluid infusion rate, 0.39 ml. per kilo per minute. 


Plasma, mg. per cent Urine Renal clearance, ml. per mia. 


Period No. Time 

Control 61 4.55 10.1 | 0.01 25 | 4 ie 
2 | 46 | 29.5 | 13.2 | 0.00 | 39 | 2 | 2% 
3 | 42 | 30.4 | 16.7 | O41 | 47 | | 
4 | S21 | 49.2 | 18.2 | 0.40 | 438 | 8% | 9 
5 | 47 | 58.6 | 19.8 | 044 | 4 | % | 16 
6 3869.0 0.42 86 8.6 
Terminal 81.6 5.0 0.35 


retention of glucose, since glycosuria did not occur in these animals. It 
may, however, have been secondary. to anoxia. Some of the changes oc- 
curring in a typical animal are summarized in Table Il. Changes in blood 
glucose and inorganic P concentration of the same animal are recorded in 
Fig. 2. 

Several experiments were performed in an effort to protect the animal 
against glycine toxicity. Since glycine toxicity might have been due toa 
depletion of the body of essential metabolites rather than to direct toxicity 
of glycine or its oxidation products, three dogs were fed vitamin supple- 
ments for 1 week prior to the experiment, and a mixture of B vitamins and 
ascorbic acid was added to the infusion fluid. Two of these dogs were in- 
fused with glycine at rates of 0.85 and 1.0 mg. of N per kilo per minute; one 
of these expired after receiving 471 mg. of N per kilo and the other after 
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9140 mg. of N per kilo. The third dog received glycine at the rate of 2.5 
mg. of N per kilo per minute and expired after the infusion of 610 mg. of 
N per kilo. In view of the variability of toxicity at the lower rates of gly- 
cine infusion, these results are not considered to show significant protec- 
tion. 
ix dogs were infused at varying rates with glycine solutions to which 
equal amounts of nitrogen as an enzymatic casein hydrolysate! were added. 
Of two dogs receiving this solution at about 1 mg. of glycine N per kilo 
per minute, one expired after 828 mg. of glycine N per kilo, and the other 
survived the infusion of 1750 mg. of glycine N per kilo. Two dogs re- 
ceiving glycine-casein hydrolysate solution at approximately 2 mg. of gly- 
dne N per kilo per minute survived, respectively, 1670 and 1350 mg. of 
gycine N per kilo. When this solution was infused at rates of 4 mg. of 
gycine N per kilo per minute into two dogs, the experiment was compli- 
ated by an almost immediate marked negative water balance and profound 
dehydration of the animals. One expired after receiving 570 mg. of glycine 
N per kilo; the other survived 1302 mg. of glycine N per kilo. Thus, three 
df four dogs, receiving glycine-casein hydrolysate solutions at rates of 2 mg. 
of glycine N per kilo per minute or higher, survived the infusion. In view 
of the fact that among a total of eight dogs receiving, at comparable rates, 
glycine alone, or supplemented with glucose or vitamins or both, none sur- 
vived a dose greater than 910 mg. of N per kilo (average lethal dose, 760 
mg. of N per kilo); these experiments probably indicate significant pro- 
tection. 

Rate of Utilization of Glycine —-Measurement of blood urea concentration 
alone, Or urinary excretion alone, is not sufficient for the determination of 
total urea production and may lead to grossly erroneous results. Only 
Kiech and Luck (24), who measured changes in total carcass urea in rats, 
and Kirk (25), who calculated urea formation on the basis of total body 
water, have made valid measurements of total urea production from gly- 
cine in other than long term feeding experiments. Neither of these experi- 
ments was designed to measure maximum urea formation rates from gly- 
cine. 
In the course of this study, it was established that the maximum rate of 
urea formation from glycine is approximately 0.8 mg. of N per kilo per min- 
ue. The relationship between glycine administration, the rate of dis- 
appearance of glycine from extracellular fluid, and urea formation is sum- 
marized in Table III. In Experiments 1 to 3, the glycine was infused first 
ata low rate and later at higher rates. However, it will be seen that the 
maximum rate of urea production from glycine could be attained at the low 
tates of administration, providing this rate exceeded 1 mg. of N per kilo 


'Amigen, Mead Johnson and Company. 
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per minute. Drastic increases in the rate of administration failed to elicit 
a rise in the rate of urea production; on the contrary there was some eyj- 
dence of actual impairment of this process as indicated in Experiments 4, 
5, and 10. 

Effects of Glycine Infusion upon Nitrogen Balance-——Two conditions must 
be attained in order to evaluate the relationship between glycine metabo- 


Taste IIl 


Rate of Disappearance of Glycine N from Extracellular Fluid and Rate of Urea N 
Formation from Glycine at Varying Rates of Glycine Administration 


The results are expressed in mg. of N per kilo per minute. 


‘Disa rance 
| | rfluid 
Varying rates 1 0.91 0.85 0.41 
3.1 2.2 0.85 
5.5 2.0 0.75 
2 1.2 1.0 0.75 
| 3.1 1.6 | 0.7% 
| 6.2 2.4 0.65 
3 2.2 1.1 0.40 
3.5 1.5 0.50 
Low rates ll 1.03 0.97 0.95 
12 0.99 | 0.73 0.73 
13 0.91 0.86 0.87 
Medium rates 6 | 2.9 1.5 0.€5 
7 | 2.8 1.6 1.05 
Ss 3.1 1.9 1.15 
10 2.7 0.79 0.18 
Rapid rates 4 7.9 1.8 0.45 
5 2.4 0.65 


* Calculated as mg. of N administered minus (mg. of glycine N excreted + mg. 
of glycine N accumulated in extracellular fluid). This figure therefore represents 
that portion of the N administered which has entered cells, no matter what is its sub- 
sequent fate. 


t Total urea N formation minus the average urea N formation of fasted con- 
trols. 


lized and urea formed. First, the rate of urea production must be suff- 
ciently high, so that variations in basal rate of urea formation would not 
lead to significant errors in evaluating the increment in urea formation due 
to glycine infusion. Second, the quantity of glycine metabolized must be 
accurately known. This necessitates a rate of glycine infusion which will 
not lead to excessive accumulation within cells, as the latter figure is not 
amenable to accurate measurement. It was found that an infusion rate iD 
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the neighborhood of 1 mg. of N per kilo per minute best fulfilled these con- 
ditions. The results of these experiments are tabulated in Table IV. Only 
those experiments in which the plasma a-amino N level was relatively low 
were considered. Since, as found by previous workers (26, 27) and con- 
firmed in these experiments (cf. Table VI), the increase in glycine concen- 
tration in skeletal muscle is considerably lower than the increment in plas- 


TaBLe IV 
Glycine Utilization and Urea Formation 
The figures in parentheses refer to averages for the group. 


Glycine Glycine N Urea N 


Experi- infused utilized* | formed Extra urea 
Infusion ment No. (1) (2) (3) 3) Len (2) 
om | om be 
Na SO,, 1.5% (control) DC-4 0 0 2.67 2.67 0.281 
DC-6 0 0 | 2.16 | 2.16 | 0.241 
pes 0 3.51 | 2.61 0.265 
| (0.256) 
Glycine, | mg. N per 11 11.84 10.66 13.43 2.77 0.242 
kilo per min. 12 12.95 8.44 11.89 | 3.45 0.280 
13 15.07 | 14.72 | 20.12 | 5.40 0.277 
23V 14.88 | 13.90 19.70 5.80 0.320 
(0.280) 
Glucose, 11 to 15 mg. 13G 0) 0 1.30 1.30 0.116 
per kilo per min. MG 0 =. 1.22 1.22 0.128 
(control) ISG 0 ee 1.16 | 1.16 0.095 
| (0.124) 
Glycine, 1 mg. N per 13GG 13.92 | 13.53 | 13.57 | 0.04 0 
kilo per min. + glu- 14GG 6.45 5.87 5.97 | 0.10 0 
cose, 11 to 15 mg. per L9GG 3.25 2.18 3.158 | 0.97 0.216 
kilo per min. 20GG 6.04 5.90 6.56 0.66 0.096 
21GG 6.05 4.38 4.41 0.03 0 
22VG 2.62 1.91 2.19 0.28 0.095 
(0.068 ) 


* (Glycine N administered) — (glycine N excreted + glycine N accumulated in 
extracellular fluid + glycine N accumulated within cells). 


ma, while liver and kidney increments are the same or higher, a figure for 
total glycine accumulation in cells was calculated, empirically, as one-half 
the increment in plasma a-amino N concentration multiplied by the total 
cell volume of the animal. The total cell volume, in liters, was estimated 
as 70 per cent of the body weight expressed in kilos. Although the figure 
obtained in this manner is rather arbitrary at low levels of plasma a-amino 
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N, even gross errors in this figure lead to but small errors in the estimation 
of the total glycine metabolized.?, When plasma a-amino N is greatly ele- 
vated, this method of calculation cannot, of course, be used. 

It can be seen from Table IV that, when glycine was administered to a 
fasting animal, glycine administration had no effect upon the basal rate of 
urea synthesis. No sparing effect was noted, and no acceleration of protein 
“eatabolism.”’ When glucose was simultaneously infused in quantities suf- 
ficient to satisfy caloric requirements, the results were not as clear cut. Aj- 
though some experiments indicate no effect upon the basal urea formation, 
some show a slight sparing action and others indicate that urea formation 
under these conditions is, within experimental error, equivalent to the 
amount of glycine metabolized. It can, therefore, be stated that glycine 
without glucose does not effect the basal rate of urea formation ; in the pres- 
ence of glucose, a sparing action has been observed. 

Effect of Glycine upon Metabolism of Other Amino Acids— During the 
course of this study it was considered of interest to determine the effects of 
glycine upon the metabolism of other, non-protein, amino acids. To this 
end, analyses were performed to determine changes in plasma, urine, and 
tissue concentration of specific non-protein amino acids, as determined by 
microbiological techniques. 

Over the course of several experiments, all of the essential amino acids 
with the exception of phenylalanine were determined in tungstate filtrates 
of plasma collected before and after glycine infusion. Although the num- 
ber of determinations performed upon each animal was limited by the 
amount of plasma which could be safely withdrawn, determination of 
changes in plasma concentration of methionine, histidine, arginine, iso- 
leucine, threonine, leucine, and tryptophan were performed on at least two 
separate occasions. 

No significant or consistent changes in plasma concentration of these 
amino acids following glycine administration could be detected. Although, 
in several experiments, differences between initial and final samples of the 
order of 30 per cent were observed, these differences were not always present 
and, when present, occurred in either direction. Marked increases were 
observed in the excretion of other amino acids during the infusion of gly- 
cine. Table V indicates the excretion rates of certain amino acids during 
the control period, and the last complete infusion period before the appear- 


? From the data in Table VI, at increments of plasma a-amino N concentration 
no greater than 15 mg. per cent, it is highly unlikely that the error in estimating 
cellular glycine would exceed a total of 500 mg. of N per 10 kilo dog, as this is the 
total increment estimated in such a dog’s cells. In experiments of about 18 hours 
duration, such as these, this would entail a mazimum error of (500 mg.)/(1000 min- 
utes X 10 kilos) = 0.05 mg. of N per kilo per minute. 
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ance of toxic symptoms, of dogs receiving glycine sufficient to elevate their 
plasma a-amino N level to 40 to 65 per cent. 

In control animals subjected to sodium chloride or sodium sulfate di- 
uresis, the increase in excretion rate of specific amino acids noted in Table 
V was not observed. In one animal, which received glycine at the rate of 1 
mg. of N per kilo per minute and which showed but slight elevation of plas- 
ma a-amino N concentration, there was no demonstrable inerease in the 
rate of excretion of threonine or histidine. Another dog, receiving glycine 
at this same rate, but showing a plasma a-amino N concentration interme- 
diate between the previous animal and the dogs listed in Table V, showed 
an increase in excretion of threonine and histidine one-half to one-third 
as great as the dogs listed in Table V. 


TABLE V 
Effect of Glycine upon Excretion of Essential Amino Acids 


The results are expressed in mg. per minute; the figures in parentheses indicate 
the range. The rate of glycine administration was approximately 3 mg. of N per 
kilo per minute; the concentration of plasma a-amino N at the time of urine collee- 
tion was 40 to 65 mg. per cent. 


Control excre- 4.4 4.2 0.89 3.6 1.9 6.3 
tion (1) (2.7-6.2) (2.8-5.0) (0.9-2.7) (5.6-7.4) 
Excretion dur- 294 227 14 52 22.2 27 
ing glycine (155-420 ) (160-230 ) (84-23) (12-35) 
infusion (2) 
Ratio, (2)/(1) 67 54 16 14 12 4.4 
(50-89 ) (46-59 )  (8.5-24) | (2.0-5.9) 


These findings indicate that the increased excretion and (in view of the 
relatively constant plasma concentration) increased clearance of the listed 
amino acids is a function of plasma glycine concentration. This is in ac- 
cord with Pitts’ concept (28, 29) that glycine inhibits the renal reabsorp- 
tion of other amino acids by competition for a common reabsorptive mecha- 
nism. 

The amino acids whose excretion rates are most markedly elevated dur- 
ing glycine administration are threonine and histidine, smaller increases be- 
ing observed for methionine, tryptophan, and isoleucine. All of the above 
amino acids are among those for which Wright et al. (30) and Russo et al. 
(31) could demonstrate no reabsorptive Ty. Arginine, for whicha Ty had 
been demonstrated (29, 30), shows the smallest increase in excretion rate. 
Although Beyer et al. (32) claimed that they could demonstrate no compe- 
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tition between the pairs glycine and arginine, and glycine and isoleucine, 
inspection of their data reveals increases in the renal clearance of these 
amino acids of the same order of magnitude as those observed in this study, 
However, in the presence of the very high percentage reabsorptions found 
by these workers, direct measurement of reabsorption rate is not sufficiently 
sensitive to demonstrate interference of one amino acid with the reabsorp- 
tion of another. It is felt that the increases in excretion rate observed jn 
this study, as well as the increases in clearance observed by Beyer et al. (32), 
are, in themselves, evidence for the interference of glycine with the renal 
reabsorption of other amino acids. 

In this study, it was hoped that data on changes in concentration of spe- 
cific non-protein amino acids in the livers of dogs and rats might indicate 
whether or not the infusion of glycine affected the metabolism of other 
amino acids. Although the data obtained occasionally appeared to indi- 
cate a slight fall in the concentration of specific non-protein amino acids in 
the livers of dogs, and a rise of similar magnitude in the livers of rats, wide 
fluctuations in values for both control and experimental animals rendered 
the data statistically inconclusive. If such phenomena do occur they are 
transitory and of relatively low magnitude. This would seem to be com- 
patible with the failure of glycine to alter the basal rate of urea formation in 
fasted dogs. 

The above series of experiments did, however, furnish valid data for the 
relationship between the total a-amino N content of rat livers and their 
content of threonine and methionine. These data are presented in Fig. 1. 

The points in Fig. 1, each representing a separate rat liver, were ob- 
tained from rats receiving 5 per cent glucose, 1.5 per cent sodium sulfate, 
or 0.85 per cent sodium chloride intraperitoneally in six divided doses over 
a period of 2 hours. 7.5 ml. per 100 gm. of glucose solution and 16 ml. per 
100 gm. of sodium chloride or sodium sulfate were administered. Since 
no differences were observed between groups of rats receiving each of the 
above solutions, no attempt to differentiate these groups is made in Fig. 1. 

Fig. 1, besides indicating the distribution of liver concentrations of non- 
protein a-amino N, threonine, and methionine in rat livers, indicates a rela- 
tive constancy of the ratio of these amino acids to the total free a-amino N 
over a wide range of a-amino N concentration. This in turn, suggests a 
constancy of the pattern of non-protein amino acids in rat liver. 

Distribution of Glycine in Tissues—In the course of these experiments, a 
number of analyses for a-amino N content of tissues were performed for the 
purpose of ascertaining the tissue distribution of infused glycine. Since 
findings regarding the distribution of metabolites between cells and extra- 
cellular fluid can best be interpreted in terms of concentration in cellular and 
extracellular fluid water, the data in Table VI are presented in those terms. 
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From Table VI, it can be seen that, with the exception of Dogs 6 and 7, 
the increment of a-amino N in the cell water of liver was of the same order 
of magnitude as the increase in plasma concentration. The kidney incre- 
ment, although somewhat smaller, was also of the same order. Heart 
muscle cells generally showed a still smaller increase, with skeletal muscle 
the smallest. 


LIVER AMINO ACIDS IN RATS 
120 


8 


MG% - AMINO N 


2040 60 80 100 120 140 


MG% THREONINE 


100- 


MG% ~ -AMINO N 
6 8 


20: 
20 30 40 50 60 70 
MG% METHIONINE 


Fig. 1. Threonine and methionine concentrations of normal rat livers as a fune- 
tion of total a-amino acid N. 


It should be noted that the values for increases in a-amino N concentra- 
tion given in Table VI are approximations rather than exact figures, since 
they are determined by subtracting an average control figure from a figure 
experimentally obtained for the particular animal studied. Despite these 
limitations, it is felt that the conclusions reached in the previous paragraph 
are valid. Van Slyke and Meyer (26) and Friedberg and Greenberg (27) 
found that injected amino acids were concentrated in liver and kidney, and 
the conclusions reached by both groups remain valid when their data are 
recalculated in terms of concentration in cell water. In the series of ex- 
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periments reported herein, most animals showed a liver and kidney cell in- 
crement approximately equivalent to the increase in plasma concentration: 
an increase greater than the plasma increment was observed in two 
instances. Van Slyke and Meyer (26) and Friedberg and Greenberg (27) 
collected tissue samples while plasma concentration was falling, whereas the 
tissue values found in this study were obtained in the presence of rising 
plasma a-amino N concentration. It is probable that this difference in ex- 
perimental technique explains the discrepancies between these studies and 
those of the previous workers. The limited permeability of muscle cells 
for glycine previously reported (26, 27) is confirmed in these experiments. 
Data could not be found in the literature for the permeability of heart mus- 


TaBLe VI 


Increases of a-Amino N in Cell Water of Various Tissues upon Administration of 
Glycine 
The control values (mg. of a-amino N per 100 ml. of cell water) were as follows: 
liver (six dogs), average 88, range 73 to 114; kidney (2 dogs), average 130, range 127 
to 134; heart (2 dogs), average 47, range 46 to 47; skeletal muscle (2 dogs), average 
45, range 37 to 53. 


a-Amino N per 100 ml. cell water minus average amino N in 


Dog No. | cell water of controls 
| Liver Kidney Heart Skeletal muscle 
| meg. = mil. mg. me. me. me. 
10 | 145 : 117 

5 133 136 | 136 83 52 

4 124 | 119 | 

6 86 | 344 | 67 109 35 

17 45 25 

1 


27 14 


cle cells to glycine, but the values shown in Table VI indicate a permeability 
greater than that of skeletal muscle cells but smaller than that of liver and 
kidney. 

The distribution of a-amino N between the water of plasma and erythro- 
cytes is indicated in Table VII. 

From the data in Table VII it may be seen that although control values 
for erythrocyte a-amino N, as previously noted by Hamilton and Van Slyke 
(6), are considerably in excess of plasma a-amino N concentration, the 
concentration at increased plasma glycine (as a-amino N) levels is essen- 
tially the same in plasma and red cell water, indicating free permeability. 
The lag period noted by Christensen ef al. (33) was not detected in this 
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study, probably because of the greater plasma glycine concentrations at- 
tained in these experiments. 

Accessory Findings—-In order to detect the formation of any possible ni- 
trogenous intermediate other than urea formed during the metabolism of 
glycine, total N determinations were performed and ‘‘undetermined N”’ 
(total N minus urea N minus a-amino N) was calculated for plasma and 
urine samples of two dogs. No increases outside of experimental error were 
detected. Urine ammonia N, when measured, never totaled more than 5 
per cent of the total urea N + ammonia N. 

The excretion of extra glucose in phlorhizinized dogs following glycine 
administration has long been known (34), and the isotopic studies of Olsen, 
Hemingway, and Nier (35) have demonstrated the formation of liver gly- 
cogen from gleyine. However, little glycogen formation was noted in these 


TaBLe VII 
a-Amino N in Red Cell and Plasma Water 


The results are expressed in mg. per 100 ml. of water. The water content of 
plasma is 92 per cent; that of red cells, 65 per cent. 


| Dog 5 | Dog 6 Dog 7 Dog 8 Dog 9 
Plasma Cell | Plasma Cell Plasma Cell Plasma’ C ell Plasma Cell 
| HO | HO | HO HO HO H:O HO HO 
Initial 4.77; 15.5 | 4.95 | 11.9 | 5.40; 11.8 | 4.26) 10.0 | 3.23 | 8.03 
During glycine (111 64 45 39 32 31 
infusion 135 (89 80 | 61 59 38 47 50 
| 6S 66 51 
|93 |47 | 56 


studies, final liver concentrations ranging from 0.05 to 0.6 per cent. Shiver- 
ing, which occurred during the course of many of these experiments, may 
have tended to vitiate the significance of the results obtained. 

There is no agreement in the literature regarding the effect of glycine 
upon blood glucose concentration. Pollack (36) and Nord (37, 38) claimed 
hyperglycemic effects in rabbits and humans; Schenk (39, 40) states that a 
lowering of blood sugar was observed in these species, while Paasch (41) and 
Costa and Barone (42) could detect no changes in blood glucose concentra- 
tion following the administration of glycine. Crandall and Cherry (43), 
however, in well controlled experiments, observed an increase in hepatic 
glucose output following the administration of glycine to dogs. 

Fig. 2 shows that the rise in blood glucose concentration (observed in two 
typical experiments) was gradual at first but more rapid terminally. 

Similar data were usually, but not invariably, found. Dog 2, for ex- 
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ample, displayed a blood glucose level which failed to rise until shortly be. 
fore death. 

Although the data in Fig. 2 point to a definite hyperglycemic effect of — 
glycine, this hyperglycemia is not necessarily attributable to gluconeogene. 
sis from glycine. In view of the low liver glycogen values encountered, 
“‘glycogenolysis,” perhaps secondary to anoxia, must be considered, par- 
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Fic. 2. Blood glucose, plasma P, and urine P in a dog given glycine intravenously 
at the rate of 2.9 mg. of N per kilo per minute. 


ticularly as a possible explanation for the precipitous terminal rise in blood 
sugar. 

Fig. 2 also illustrates the dramatic drop in plasma inorganic P concen- 
tration and rise in urine inorganic P excretion during the course of glycine 
administration. However, similar changes were observed in dogs subjected 
to sodium chloride and sodium sulfate diuresis and this effect cannot, there- 
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fore, be attributed to either glycine administration or hyperglycemia. Ad- 


be- ditional data obtained in these studies indicate that neither plasma CO,- 
combining capacity nor chloride concentration was consistently affected by 

| glycine administration. 

rn This investigation was supported (in part) by a research grant from the 


Division of Research Grants and Fellowships of the National Institutes of 
Health, United States Public Health Service. The authors’ thanks are also 

due to the Duke University Research Council for its support and to Miss 
Irene Palatine, Mrs. Evelyn Kimball, and Mrs. Cortez T. Dannalls for 
technical assistance. 


SUMMARY 


1. Techniques have been devised and conditions established for the study 
of the metabolism and utilization of parenterally administered amino acids. 
Glycine was selected for this study. 

2. Glycine, administered by continuous intravenous infusion, is lethal to 
dogs in dosages ranging from about 0.4 to 1 gm. of N per kilo. The tox- 
icity of glycine appears to correlate best with total dosage, although there 
are indications that somewhat larger quantities may be tolerated at slower 
infusion rates. The mode of death and concomitant findings are described. 
3. In the dog, the maximum rate of urea formation from glycine, includ- 

ing both excretion and accumulation within body water, is about 0.8 mg. of 
| N per kilo per minute. 

4. When glycine is administered over periods of 15 to 18 hours to fasting 
dogs, there is no evidence of either a sparing or an accelerating effect upon 
protein catabolism. However, when glycine is administered together with 
suficient glucose to satisfy caloric requirements, a sparing action of glycine 
is observed. 

5. The rate of excretion of the six essential amino acids which were meas- 
ued was markedly increased during glycine infusion. The magnitude of 
this increase is dependent upon plasma glycine concentration. The ad- 
ministration of glycine causes no consistent changes in plasma concentra- 
tion of free essential amino acids 

6. The concentration of non-protein threonine and methionine in the 
livers of rats varies directly with the total free a-amino N, indicating a con- 
lool  Stancy of free amino acid pattern. 

7. Erythrocytes appear to be freely permeable to infused glycine. In 
wen- ‘0st cases, liver and kidney cells appear to increase in a-amino N content 
veine = by an increment approximately equal to the rise in a-amino N. However, 
ted  Sme significantly greater increases have been observed. The rise in heart 
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muscle cell a-amino N is smaller than that in liver or kidney; the smallest 
increases were observed in skeletal muscle cells. 

8. During glycine infusion, plasma chloride, CO,-combining capacity, 
and plasma and urine “undetermined N”’ remain within normal limits. 

9. A markedly decreased plasma inorganic P concentration, accompanied 
by an increased urinary P excretion, was observed in dogs receiving glycine, 
sodium chloride, or sodium sulfate infusions. 

10. Blood glucose concentration increases during glycine administration, — 
the increase being most marked terminally. Liver glycogen concentration 
is low. 
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BIOCHEMICAL STUDIES OF VIRUS REPRODUCTION 
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Bacteriophages possess the fundamental properties of viruses, yet ex- 
hibit ease of assay, handling, and culture, and thus present suitable sys- 
tems for isotope tracer studies of the mode of virus reproduction and protein 
synthesis. In an investigation of this problem we have employed the 
Escherichia coli bacteriophage Ts, system. This communication outlines 
methods for the growth and isolation of this phage and describes the pro- 
perties and physicochemical characterization of the purified virus. A 
following paper' discusses the chemical composition of bacteriophage Ts. 
Later articles will cover the application of isotope indicators to the study 
of the biological precursors of virus nucleic acid and protein. A pre- 
liminary report on the origin of virus phosphorus has already been pub- 
lished (2). 

Numerous biological studies on the bacteriophages attacking EF. coli 
have recently appeared. The seven types of coliphages most commonly 
studied (T:, T2, ...T7) were first described by Demerec and Fano (3). 
Their biological properties and their differentiation on the basis of plaque 
type, morphology, size, antigenic structure, and host range have been 
reviewed by Delbriick (4, 5). Although electron micrographs of several 
of these coliphages have been published (6-8), physicochemical charac- 
terization has thus far been meager. Only bacteriophage T:; has pre- 
viously been isolated in quantity and characterized in the ultracentrifuge 


(8, 9), and electrophoretic diagrams have not yet been published for any 
of the bacterial viruses. 


EXPERIMENTAL 


Growth and Purification of Bacteriophage T¢ 
Materials and Methods—The E. coli bacteriophage studied in this in- 
vestigation is the wild type, strain Ter+, which produces small plaques 


* Aided by a grant of The National Foundation for Infantile Paralysis. Presented 
in part at the meeting of the Federation of American Societies for Experimental 
_ Biology at Atlantic City, March, 1948 (1). 

‘Putnam, F. W., and Kozloff, L. M., in preparation. 
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and causes lysis inhibition upon multiple infection of the host bacterium. 
Antigenically and morphologically it is closely related to coliphage T, 
isolated and studied by Hook ef al. (8-10) and by Cohen (11, 12). Ip 
early experiments culture in nutrient broth medium was carried out with 
a strain of Ts, and its sensitive host 2. coli, strain B, both received from 
Dr. M. Delbriick, California Institute of Technology.2 When it was 
found that this phage could not be grown in quantity in synthetic medium 
by the procedure of single infection (cf. below), another strain of Ts phage 
was employed for culture both in nutrient broth and synthetic medium. 
The latter strain, which was obtained from Dr. 8S. Luria, Indiana Uni- 
versity, was known to yield high titers in synthetic medium under condi- 
tions of multiple infection, and had been selected for freedom from the 
requirement for tryptophan as an adsorption cofactor. Both strains of 
Ts were originally derived from a common stock described by Demeree 
and Fano (3). No significant differences have been found in the two 
strains with regard to physicochemical properties by ourselves, or with 
regard to biological characteristics by Dr. Luria (personal communica- 
tion). As described in the text, success in culture in synthetic medium is 
attributed chiefly to the procedure of infection rather than to the strain 
of phage employed. Phage type was verified by reference to plaque form, 
latent period, and host range. Most of the data in this paper refer to 
purified concentrates of the strain received from Luria. 

Phage assay was performed by the plaque count method of Ellis and 
Delbriick (13) as modified by Hershey et al. (14). After serial dilution of 
the sample in sterile broth, duplicate plates of the final dilution were left 
overnight at room temperature and the plaques counted the next day. 
The host bacteria were maintained on a 1 per cent agar slant with daily 
transfers. The complete medium consisted of 0.8 per cent Difco-nutrient 
broth with 0.5 per cent NaCl added, final pH about 6.8. The agar was 
composed of the above nutrient broth with 1 per cent Difco-Bacto-agar 
added. The synthetic medium, essentially that suggested by Luria,’ 
was made up in distilled water by addition of boiled neutralized lactic 
acid and stock solutions of salts. Final percentages of salts were sodium 
lactate KH2PO, 0.15, NaHPO, 0.35, NH,Cl 0.01 and MgSO, 0.001. 

Bacteriophage Ts may be grown on E. coli cultured either in broth or in 
the synthetic medium, but in the latter medium the yield of phage varies 
greatly with the manner of infection. For single infection experiments 4 


? In preliminary experiments coliphage T), differing serologically, morphologically, 
and in plaque form from Ts, was grown on the host both in broth and in synthetic 
medium. This smaller phage is less readily concentrated in the supercentrifuge and 
angle centrifuge and is markedly unstable upon high dilution in saline. 

* Luria, S., private communication. 
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subculture of bacteria is infected with one virus particle per 400 to 600 
bacteria 5 or 10 minutes prior to inoculation of the medium. In this 
method, uninfected bacteria are in great excess initially, and statistically 
mly one virus particle is adsorbed per infected cell. Many generations 
of phage result. In multople infection experiments the final actively grow- 
ing bacterial culture is infected with phage, so that theoretically each 
ell adsorbs more than one particle. Under the latter conditions lysis 
inhibited and the liberation of phage is delayed (15). Turbidity meas- 
yrements remained nearly constant under conditions of multiple infection, 
wut colony counts revealed that the number of viable bacteria fell steadily 
fom 10® cells per ml. to 10° cells per ml. or less in the first few hours of 
incubation. These results and other unpublished data indicate that mul- 
tiple infection accompanied by lysis inhibition largely yields a single 
generation of virus. 

Isolation from Nutrient Broth Lysates—Single and multiple infection 
nethods were used with equal success in propagation of the bacteriophage 
n nutrient broth, but the large amount of infecting virus required in the 
ktter procedure discouraged its use. 

Nutrient broth in 10 to 24 liter lots was inoculated at a volume ratio of 
1:50 with an 18 hour subculture of bacteria, infected as described above 
for single infection. After 8 hours incubation with aeration at 37°, the 
altures were pooled and stored in the cold. It was found that the course 
af phage growth was almost logarithmic up to 6 to 8 hours, the final titer 
approaching 10" phage per ml. It was not necessary to store fresh broth 
lysates in the cold to aid in the elimination of mucoid material, as reported 
by Hook et al. for bacteriophage T, (8). 

The bacterial débris could be removed from the lysate either by filtration 
through 10 inch Mandler candles of medium porosity or by clarification 
mn the Sharples supercentrifuge at 40,000 R.p.m. (39,000g at the bowl 
yriphery) and a rate of flow of 10 liters per hour. Filtration appeared 
0 be more efficient. The filtered or clarified phage was then concen- 
vated by centrifugation at 56,000g in the virus concentration bow] of the 
Sharples (Presurtite laboratory model) supercentrifuge by a method similar 
# that described by Hook et al. (8). The pooled opalescent Sharples 
wncentrate of bacteriophage was purified by differential centrifugation 
athe Sorvall high speed angle centrifuge rather than in the ultracentrifuge. 
ne step at 2000g for 15 minutes was employed to remove particulate 
matter, and another at 18,000g for 2 hours to sediment the virus. All 
eatrifugation was carried out in the cold. 

Purification by two such cycles of differential centrifugation usually 
aficed to give concentrates of approximately constant infectivity (infec- 
wity being defined as gm. of N per phage). ‘The arithmetic average of 
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the infectivity of more than ten concentrates of broth phage Ts was 10-4. 
gm. of N per phage, with extreme values of 10~"- to 107". These 
values compare closely with the average figure (10~**) and the range 
given for T, phage concentrated in the ultracentrifuge (8). The progress 
of purification is shown by representative data given in Table I for 
preparation later characterized in the electron microscope, ultracentrifuge, 
and the electrophoresis apparatus. It may be seen that on a nitrogen 
basis a purification of 1000-fold is achieved. In this instance, the re. 
covery of phage from the filtered lysate amounts to about 47 per cent and 
corresponds to a yield of about 3.5 mg. of phage per liter of culture. In 
other experiments, yields up to 8 mg. of phage per liter of broth culture 
have been obtained with average recoveries of 60 per cent. A higher 


TaBLe I 
Isolation of T, Bacteriophage from Broth Lysates* 


Material | Volume Titer N content | Infectivity 

phage per mi. | mg. per ml 

Filtered lysate... . 9000 7.4 x 109 1.16 
Sharples effluent... 1.8 108 1.22 
concentrate................ 9 3.0 10" 0.08 10-1587 
Angle supernatant (Ist cycle). . 3.1 10% (0.0384. 
“concentrate (“ | 165.2 | 1.7 X 10% | 0.35 | 10-54 
14.5 | 2.16 X 10% | 0.276 | 10-4 


* Nutrient broth inoculated 1:50 with singly infected bacteria (bacteria to 
phage = 400:1) (Lot XI). Incubation for 8 hours at 37° with aeration. Sharples 
centrifugation at 48,000 r.p.m. (56,000g at the bowl periphery) at a constant rate 
of flow of 2 liters per hour. 


percentage of the virus may be recovered by passing the lysate through the 
supercentrifuge at a lower rate of flow than that employed in this experi- 
ment (2 liters per hour). 

Isolation from Synthetic Medium—In synthetic (lactate) medium the 
growth of the host bacterium is much slower. Accordingly, lysates of 
high phage titer were never obtained from these cultures by the procedure 
of single infection, even with prolonged incubation. This result is con- 
trary to that observed with T; bacteriophage in synthetic medium con- 
taining glucose (8). In experiments to be described in detail elsewhere’ 
the growth of Ts phage in lactate or glucose media was studied by the 
one-step growth curve technique of Delbriick and Luria (16), with broth 


‘Neil, J.. Kozloff, L. M., and Putnam, F. W., in preparation. 
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as a control. These experiments demonstrated that the yield of virus 
particles per infected bacterium in synthetic medium fell to one-tenth 
that observed in broth. A search for growth factors revealed that casein 
hydrolysate, yeast extract, and a small addition of broth gave marked 
stimulation, while several amino acids, purines, and vitamins increased 
phage growth somewhat. However, no single specific factor was found 
and at the suggestion of Dr. Luria the procedure of multiple infection, 
already described, was investigated. 
After study of the optimum conditions for growth of the phage by the 
above method, it was found that large lots of actively growing bacteria 
gta concentration of 1 or 2 X 10* cells per ml., when infected with phage 
at a ratio of 1 to 5 virus particles per organism, gave lysates with titers up 
to2 X 10” phage per ml., upon overnight incubation with aeration at 37°. 
Titers up to 4 X 10” phage per ml. were sometimes obtained after 24 
hours incubation with no apparent adverse effect of prolonged incubation. 
The lysates contained visible suspended particulate matter which was 
ivity readily removed by filtration on Mandler candles. With the procedure 
ha of multiple infection, synthetic medium cultures proved to be a better 
ue = Ss source for the production of Ts phage than did broth. In one instance 
24 liters of culture yielded 442 ml. of crude Sharples concentrate contain- 
ae ing 2.1 X 10’ phage per ml., corresponding to a yield of 47 mg. of phage 


2.89 2 


4.96 per liter of culture. Electrophoretic analysis (see below) of the crude con- 
ss = centrate indicated the absence of free nucleic acid and revealed the presence 
5.09 


of amajor boundary with the mobility of phage and of a minor boundary 
representing a trace of impurity. In aecord with this result, the infec- 
o tivity of clarified Sharples concentrates of the synthetic medium phage in 
rples several instances ranged from to 

rate However, on standing in the cold, synthetic medium concentrates 
undergo rapid loss of activity as compared to broth phage (see be- 
low), and purification by differential centrifugation leads to disruption 
of much of the virus with liberation of nucleic acid. In addition to the 
par limpid pellet and clear supernatant found in the high speed sedimentation 
of broth phage, the synthetic medium concentrates contained an inter- 


mediate layer of insoluble, viscous material, presumably nucleic acid. 
: As indicated later, all our concentrates from synthetic medium have 
ure 


_ tevealed at least a trace of unbound nucleic acid upon electrophoretic 
analysis. 

Ethanol Fractionation— Procedures for protein fractionation were in- 

vestigated in an attempt to avert the loss of activity incurred on dif- 

the ferential centrifugation of synthetic medium phage. Addition in the cold 

of saturated (NH,)2SO, to a final concentration of 2 mM at pH 5.4 resulted 

| in nearly quantitative precipitation of the phage, but with much loss of 
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activity. However, graded dialysis against buff ed ethanol solutions 
at —1° to —5° afforded « ready means for precipitation of the virus, 
This procedure involves successive dialysis of the phage against ethanol 
solutions of the following concentrations: 8, 12, 16, 20, and 30 per cent. 
Each liter of dialysis solution contained 15 ml. of 1 N sodium acetate 
buffer, pH 5.4, the calculated amount of 95 per cent ethanol, and 09 
per cent saline to volume. ‘The precipitate obtained with 16 per cent 
alcohol is impure and is usually discarded. After centrifugation at 2000) 
for 15 minutes, the precipitate at higher concentrations of ethanol readily 


II 
Ethanol Concentration of Synthetic Medium Bacteriophage T at pH 6.4 


Ethanol 


Precipitation Material i = | Titer Volume phage content Infectivity 
‘percent phage perml. ml. | ™E fer am. N pe 
Ist Sharples concen- 6.4 10" 125 =6.0.070 10°54 

trate* | | 
Supernatant 30 (7.2 X 10° 125 9 0.023 10-44 
303.8 xX 10" 17 66 0.408 10-4" 
2nd 16 56 X10" 2.8 0.105 1074-1 
Supernatant | 20 (8.1 X10 17 1.4/ 0.025! 
3rd 16 10" 5 3.1 0.099 10-44 
Supernatant 8.7 X10" | @ 1.7 0.024 10-4 
Ppt.? 30 2.5 X 10% 10 25 0.201 

4th Supernatant 30 688.2 X (10° 16 1.3 

Ppt.§ 30. «1.44 X 10” 8.5 12.3 0.199 104%" 


* For electrophoretic diagrams at pH 6.10, see Fig. 3, C. 
t For electrophoretic diagrams at pH 6.40 and 7.60, see Fig. 3, D and E. 
t For electrophoretic diagrams at pH 8.58, see Fig. 3, F. 

§ For electrophoretic diagrams at pH 5.2, see Fig. 3, G. 


dissolves in saline to give a concentrated opalescent solution with high 
infectivity. Although most of the phage is precipitated at 20 per cent 
ethanol, as seen in Table II, the precipitate at 30 per cent alcohol is more 
readily centrifuged. 

The dialyses are carried out in the cold, just above the freezing point of 
the mixture, to avert inactivation which occurs slowly at 4° but rapidly 
at 30° in 20 per cent ethanol. The pH is also critical; at pH 7 no phage is 
precipitated at a concentration of 30 per cent ethanol, the yield increas- 
ing as the pH is adjusted closer to the acidic limit of the stability region. 


6 At pH 5.1 the phage is largely precipitated by 12 per cent ethanol. 


| 

- - 
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Further investigation of the optimum conditions for precipitation is under 
way.’ 

The progress of purification by alcohol fractionation was followed in 
four preparations by phage assay, infectivity measurements, and elec- 
trophoretic analysis. The electrophoretic diagrams, to be discussed later, 
are in accord with the activity data given in Table II for ethanol frac- 
tionation, and also with the data on differential centrifugation given 
previously in Table I. All the results indicate that by far the greater 
part of both concentration and purification is accomplished by the pre- 
liminary centrifugation in the supercentrifuge. 


Properties of Purified Bacteriophage Ts 


Suspensions of purified bacteriophage are bluish in reflected light at 
concentrations of 5 & 10” particles per ml., opalescent at 10" phage per 
ml., and milky at 10" per ml. Over the range, 4 K 10" to 6.5 K 10 
particles per ml., the activity of electrophoretically homogeneous samples 
is linearly related to light absorption measured in the Coleman spectro- 
photometer (model 6A) at 400 mg. 

The complete absorption spectrum of synthetic medium bacteriophage, 
concentrated by the ethanol precipitation and purified by electrophoretic 
separation at pH 5.1, was measured in the Beckman quartz spectrophotom- 
eter (model DU). ‘The spectrum is given in Fig. 1. From the inset 
diagram of Fig. 1 it can be seen that in the near infra-red and in the visible 
range the spectrum shows a steady increase in apparent light absorption 
as the wave-length decreases. When the optical density is plotted against 
the 4th power of the wave-length, a nearly linear relationship is observed 
in the visible region. ‘This result, which is in accord with the Rayleigh- 
Mie equation (17), indicates that the bluish appearance of the phage is 
due solely to molecular light scattering. 

In the ultraviolet region, however, the phage exhibits intense absorp- 
tion, necessitating the use of a different scale for the ordinate in Fig. 1. 
The spectrum is that typical of nucleic acids, with a sharp maximum at 
262 mu and a minimum at 240 mu. Since the bacteriophage is morpho- 


‘Other methods of purification still being investigated include acid precipitation 
at pH 4.2, followed by rapid dissolution of the precipitate in buffered saline. In one 
experiment with synthetic medium phage the activity was recovered quantitatively 
and the product had an infectivity of 10-%. Electrophoretic analysis revealed 
that the preparation contained about 2 per cent free nucleic acid as the only impurity. 
In a second experiment, on study both in the electrophoresis apparatus and in the 
analytical ultracentrifuge, acid-precipitated phage exhibited a single major bound- 
ary representing the phage, and a minor boundary identified in electrophoresis, at 
least, as DNA. 
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logically and chemically complex and its phosphorus is distributed am 
several compounds,' the results are expressed, not as the ‘‘molecular” ey. 
tinction coefficient or the atomic ey ‘netion coefficient with regard to P, 
but as the specific absorption coefheient, K = (log 1/7)/C, where = 
gm. of P per liter, and 7 equals the per cent transmission. 


Stability—Phage from either broth or synthetic medium cultures js | 


soluble in physiological saline after purification by differential centrifuga. 
tion, but dissolves more readily when concentrated by ethanol precipita. 
tion. The phage precipitates on dialysis against distilled water; lyophiliza- 


1400 
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Fic. 1. Complete absorption spectrum of synthetic medium Escherichia coli bac- 


teriophage Ts, concentrated by ethanol precipitation and purified by electrophoretic | 


separation. The specific absorption coefficient, A, is defined in the text. In the in- 


set, graph A is given in the same units for visible and infra-red light as for ultraviolet | 


light in the main figure. 


tion renders it insoluble and inactive. The virus is disintegrated when 


held at 100° for 1 minute and inactivated if heated at 55° for 30 minutes. 


The pH stability range for purified broth phage, as determined by assay 
at intervals over a period of 9 weeks, is about pH 4.9 to 8.6. Over this 
time interval, the titer of broth phage drops slowly, but the synthetic 
medium phage is inactivated quite rapidly with the formation of a stringy 
sediment. Below pH 4.2, the phage precipitates immediately, and also 
precipitates on standing at pH 4.6 to 4.8. The solution retains its charac- 
teristic opalescence throughout the stability range but clears and becomes 


viscous at about pH 10. Nucleic acid is liberated, as ean be shown by 


precipitation in 4 volumes of cold ethanol. 
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The relationship of solubility to infectivity is illustrated in Fig. 2, which 
shows the pH stability range for synthetic medium phage (initial titer of 
6.5 X 10" phage per ml.) after 72 hours at 4° in acetate-veronal buffers 
of 0.05 ionic strength or glycine buffers of 0.1 ionic strength. The left- 
hand ordinate represents the per cent of initial activity remaining; the 
right-hand ordinate gives the optical density of the supernatant solution 
as measured in the Coleman spectrophotometer at 400 my. ‘The close 
coincidence of the stability range for infectivity and of the solubility 
region is noteworthy. While nucleic acid is split off in the alkaline region, 
the phage precipitate obtained at pH 4 retains activity for some time. 


100 

90% 

> 

nol 
3 607 70/03 = 
— 10.086 
= 19.069 < 
z 30+ {0.052 
+0.034 
10: 0.017 


Fic. 2. pH stability and solubility range of Escherichia coli bacteriophage Ts 
solated from synthetic medium. The left-hand ordinate corresponding to the solid 
line (QO) gives the per cent initial activity remaining after 72 hours at 4°. The right- 
hand ordinate referring to the broken line (Q) gives the optical density of the super- 
natant solution measured at 400 my. The solid black points on either graph indicate 
the presence of a precipitate. 


As indicated previously,’ advantage of this fact may be taken in the puri- 
feation of bacteriophage. 

Phage biologically labeled with P® has been obtained with a specific 
activity of 760 counts per minute per y of P without alteration of normal 
infectivity ;’ but, like other coliphages, Ts is rapidly inactivated by ultra- 
violet irradiation. Activity of the virus is unaffected by cacodylate or 
veronal buffer up to pH 8.6, or by incubation with trypsin. Reduction 
with cysteine or thioglycolic acid inactivates the virus, but the effect is 
partially reversible on oxidation with cystine. Phage infectivity is not 
affected by 0.02 m fluoride but a 1:1000 dilution of the cationic detergent, 
benzyldodecyldimethylammonium chloride, abolishes the activity. At the 


"Kozloff, L. M., and Putnam, F. W., in preparation. 
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same concentration, cetyltrimethylammonium bromide and the anionic 
detergent, sodium dodecyl sulfate, are less effective. However, at pH 8 
sodium dodecyl sulfate splits off nucleic acid from the virus at a phage to 
detergent weight concentration ratio of unity. 


Physicochemical Analysis 


Electrophoretic Homogeneity—Electrophoretic analysis was performed at 
0.6° or at 2° in the standard Klett electrophoresis apparatus equipped 
with the Longsworth schlieren scanning system (18).* Because of the 
high opalescence of the solutions and the limited amounts of purified 
virus, phage concentrations of about 0.2 per cent were at first employed, 
For concentrations of 0.4 per cent studied in later work it was n 
to resort to infra-red light photography in order to depict the solution 
side of the boundary. A tungsten light source together with Wratten 
filter No. 89 or 89A and infra-red sensitized film or plates served for this 
purpose. 

The broth bacteriophage characterized in the electron microscope and 
in the ultracentrifuge moved as a single diffuse boundary in the electro- 
phoresis apparatus at a concentration of 0.2 per cent at pH 6.69 (Experi- 
ment 1, Table III). Another batch of broth phage exhibited 5 to 10 per 
cent of a fast moving component with mobility of —16.1 X 10-5 sq. em. 
volt“ sec.’ at pH 7.60 (Experiment 2, Table III). Prior to chemical 
identification! the fast component was assumed to be free nucleic acid on 
the basis of its mobility (cf. Experiments 13 and 14, Table III). Some prep- 
arations of broth phage migrated without evidence of free nucleic acid or 
other impurities over the pH range studied, pH 5.1 to 7.6 (Experiments 
3 to 6, Table III; Fig. 3, A and B). Other preparations of broth phage, 
generally of lower infectivity (10-%-4), exhibited two components with 
closely similar mobilities over the pH range of study (e.g., 5.1 and 5.9 X 
10-5 sq. cm. volt~ sec.—' at pH 6.20). The more slowly moving boundary 
represented the major component.’ Though the principal boundary sepa- 
rated clearly, it remained diffuse and skewed and could not be isolated in 
the separation cell. In a single preliminary experiment, broth phage, 
showing two principal boundaries and a trace of nucleic acid on electro- 
phoresis, was studied simultaneously in the analytical ultracentrifuge 


* Some of the electrophoretic analyses were performed by Mr. Eugene Goldwasser. 
The electrophoresis apparatus and the electrically driven analytical ultracentrifuge 
were made available through the courtesy of Dr. E. S. G. Barron, Department of 
Medicine, University of Chicago. 

* A concentrate of coliphage T,, which forms large plaques, was studied in electro- 
phoresis at pH 7.6. Two boundaries were observed with mobilities of 8.5 and 10.7 X 
10-* sq. cm. volt! sec.~', neither corresponding to the mobility of Ty phage at this 
reaction. 
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On sedimentation three boundaries were obtained, one sedimenting slowly 
and presumably representing nucleic acid, and two principal boundaries 


with Se = 794 and 1009 Svedberg units. This result suggests that the 


jouble boundary phenomenon in the ultracentrifuge may have an analogue 
in electrophoresis. 


| sec. 


TasB_e III 
Electrophoretic Analysis* of Escherichia coli Bacteriophage 1's 
B signifies nutrient broth medium, L synthetic (lactate) medium. 


| 


Electrophoretic mobility,’ sq. cm. 


iment Source (|Infectivityt pH | Time 


|Ascending | D ‘Ascending | 


em. N per Ts mg. Sec. 


B | 0.276 
3A 10-* -*3 | 0.282 
3B | 0.35 

10715 .78 


ann 


L | 0.259 10,320) —7.19 | —6.15 | —18.0 —17.9 
3D 1078-78 | 0.495 
3E sé 107!5 .78 
3F 10-6) 0.201 
3G 10745 | 0.190 
Thymus, DNA 0.910 

0.710 
Yeast | RNA 


12,500} —6.01 -—5.97 | —17.9 | —18.4 
16, 800 —6.20 | —5.94 | -17.4| —16.8 
8,200; —7.37 | —7.34 | —16.5 | —17.5 
100} —4.01 | —3.62 | —14.5  —17.5 
—19.3 | —17.6 
, 400 —19.2 —16.6 


HAT 
= 
| 

_ 
© 


Bree sean wre 


 *Tonic strength = 0.1 in all instances except pH 6.69 (Experiment 1). Composi- 
| tion of buffers as follows: pH 6.69, 0.1 m NaCl-0.025 m Na,sHPO,-0.025 m KH.PO,; 
pH 7.60, 0.07 w NaCl-0.03 m Na veronal; pH 5.78 to 6.63, 0.08 m NaCl-0.02 m Na 
cacodylate; pH 5.10 to 5.5, 0.1 m Na acetate; pH 8.58, 0.1 m Na veronal. 
{The infectivity of phage recovered from the electrophoresis cell was undimin- 
hed in the range, pH 5.18 to 8.58. A small drop was experienced at pH 5.1. 
}Temperature 2°. The voltage gradient was less than 4 volts per cm. in all 
stances and about 1.2 volts per cm. in most experiments with phage. 
§ Data of Longsworth and MacInnes (19). 


Typical electrophoretic patterns for broth phage showing no evidence 
¢ freely migrating nucleic acid at pH 7.60 and 6.63 are given in Fig. 3, 
Mand B. In these cases, as in all instances, the boundaries are diffuse and 
skewed. As shown in Fig. 4, boundary sharpness was not restored by 
teversal of the electric field with migration continued until the origin 
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4 


Fig. 3. Electrophoretic analysis of Escherichia coli bacteriophage T, isolated from 
broth or synthetic medium lysates. The source of the phage, its infectivity and con- 
centration, the pH, and the conditions of electrophoresis are given in Table III for 
experiments corresponding to Fig. 3, A to G. The horizontal arrows indicate the 
direction of migration, left diagram ascending, right descending. The tail of the 
arrow signifies the position of the starting boundary. The vertical arrows denote 
traces of fast moving components; the vertical bar in Experiments D to G is the image 
of the ground glass sliding section of the separation cell used in these experiments. 


was again attained. The factors contributing to this effect are considered 
in the “Discussion.”’ 

While broth bacteriophage gave a single boundary over the range pH 
5.1 to 7.6, in some experiments it was impossible to exclude the presence 


F 
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of minute amounts of freely migrating nucleic acid because of the low 
concentrations employed. Because of the acid precipitation of phage 
already mentioned, it was not feasible to conduct electrophoretic analysis 
below pH 5.1, and even at this reaction the ascending limb became turbid. 
In all experiments reported in Table III the infectivity of preparations 
recovered from the electrophoresis cell was undiminished, except for a 
small drop at pH 5.1. 

From our best lot of synthetic medium phage a crude Sharples concen- 
trate containing 2.1 X 10" phage per ml. was obtained. This was sub- 
mitted to electrophoresis at pH 6.1 without further purification, and the 
typical skewed patterns given in Fig. 3, C were observed. The crude 
concentrate appeared to consist predominantly of one component. No 


400 75 O Oo 400 


Fig. 4. Electrophoretic boundary spreading at pH 7.6 of Escherichia coli bacte- 
riophage T, from broth lysate. The patterns are superimposed tracings of Longs- 
worth diagrams; left, descending, right, ascending. The arrows indicate the direc- 
tion of migration, the numerals, the time in minutes. The upper arrows signify the 
forward direction, the lower arrows, migration on reversal of the current. The sharp 
peak at the tail of the arrow is the starting boundary. The dash lines on the protein 
side of the boundary denote a slightly elevated base line occasioned by light absorp- 
tion. 


free nucleic acid was detectable, but there appeared to be a trace of some- 
what faster moving material too slight to be observable in the figure. On 
standing several months, the activity of this crude concentrate dropped 
to6.5 X 10" phage per ml. Ethanol purification by two precipitations at 
30 per cent alcohol, pH 5.4 (cf. Table II), yielded a preparation which con- 
tained about 10 per cent free nucleic acid at pH 6.40, according to the 
electrophoretic patterns for the descending limb (Fig. 3, D). However, 
on the ascending side the fast moving component, indicated by the ver- 
tical arrow in Fig. 3, D, represented only 2.5 per cent of the total area. 
Other patterns given in Fig.3 illustrate the same phenomenon of an ap- 
parently smaller amount of free nucleic acid in the ascending diagram. 
A similar phenomenon has been observed in electrophoretic studies of the 
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interaction of purified thymus desoxyribonucleic acid (DNA) and crystal. | 


line serum albumin.” Since the areas representing free nucleic acid were 


unequal on the two sides, the concentrations of this component could not _ 
be determined accurately by planimetric integration. In no case did the — 


area exceed 12 per cent on the descending side; in many experiments 
only traces too small to photograph were observed. 

Electrophoretic Purification—To establish the identity of the fast moy- 
ing component and to provide electrophoretically homogeneous samples 
of synthetic medium phage for chemical analysis, purification by electro- 


phoretic separation was undertaken. Four experiments with synthetic — 
medium phage concentrated by ethanol precipitation were performed with | 


the 11 ml. separation cell. Electrophoretic diagrams taken just prior to 
the actual separation will be given in a subsequent paper’ but are similar 
to several shown in Fig. 3. On the basis of analytical data! as well as 
from mobility values which more closely coincide with those of desoxyri- 
bonucleie acid (DNA), the fast moving component was identified as DNA. 
In this connection the constancy of the electrophoretic mobility of the 
fast moving component over the whole pH range covered in Table III 
is significant. Infectivity measurements and chemical analyses to be 
reported in a later paper' confirmed the assumption that the slow moving 
component of variable mobility was the bacteriophage. 

Electrophoretic M obility—Since electrophoresis of Ts bacteriophage could 
be carried out only above the acid region of precipitation and within the 


stability zone, it was not possible to determine the isoelectric point by — 
this method. The pH mobility curve for the region pH 5.1 to 8.6 is — 


plotted in Fig. 5. Over the whole range the phage migrated toward the 


anode. No significant difference in mobility was found between phage — 


from broth and phage from synthetic medium. In a single instance at 
pH 7.6 the mobility of a preparation from synthetic medium did not fall 


on the curve given in Fig. 5. Such minor differences may arise from the 
presence of free nucleic acid in some preparations. Since the mobility 


of the phage is still —3.55 & 10- sq. em. volt~! see.-' at pH 5.1, it» 
difficult to extrapolate to the isoelectric point. However, it seems plausible 
that this may be in the neighborhood where acid precipitation first takes 
place, as indicated by the shaded region in Fig. 5. The relatively low 
mobility of bacteriophage Ts is significant in view of its extraordinarily 
high content of nucleic acids, which approaches 40 per cent.' 


Electron Microscopy—Electron micrographs of purified Ts bacteriophage 


prepared from broth cultures by differential centrifugation were kindly 
made for us by Dr. D. G. Sharp, Duke University School of Medicine. 
For this work an RCA type B electron microscope was used. A micro- 


10 Goldwasser, E., and Putnam, F. W., unpublished. 
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graph taken ata magnification of 38,000 is given in Fig. 6. For this 
experiment the virus dispersed in a phosphate-saline butter, pl 6.7, was 
mounted on a Collodion film and photographed in the usual manner. The 
electron micrograph of Fig. 7 was taken by the metallic shadow-casting 
technique which obscures internal detail but produces sharp contrast. 
For this experiment 0.25 per cent CaCh was added to the virus solution, 
which was then dried on collodion as usual. The phage particles were 
then shadowed with chromium by a method previously described (20). 
The micrographs reveal that there is no gross difference either in size or 
shape of T, and Ts bacteriophage, both of which consist of tadpole-shaped 
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Fie. 5. Electrophoretic mobility curve of Escherichia coli bacteriophage Ts de- 
rived from broth (O) and from synthetie medium (@) lysates. The shaded area in- 
dieates the inception of the acid region of insolubility and inactivation. 


structures with a slight protrusion at the end of the “tail” and somewhat 
hexagonal “heads.” The particles present a high uniformity of size with 
the exception of a few which probably represent a phage found as a con- 
taminant only in our early preparations and identified as Ty) on the basis 
of host range and plaque size. 

Analysis in) Uliracentrifuge Sedimentation velocity analysis was also 
performed by Dr. Sharp on the same samples shown in the above electron 
micrographs. An air-driven analytical ultracentrifuge equipped with the 
ultraviolet light absorption method was employed. Photographs taken 
at 2) minute intervals at a rotor speed of 164 R.p.s. and a mean tempera- 
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Fic. 6. Eleetron micrograph of Escherichia coli bacteriophage Ty from broth. 
The purified phage suspension in phosphate buffer was placed on a collodion film. 
Magnification 38,000, Photographed by ID. G. Sharp. 


Fic. 7. Electron micrograph of Escherichia coli bacteriophage T, from broth 
The purified phage suspension in 0.25 per cent CaCl was prepared as in Pig. Hi and 
then shadowed with ehromium. Magnification 50.000. Photographed by 1). 
Sharp. 
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ture of 25° are given in big. “Pwo principal boundaries are visible, and 
there is indication of a slight almost unsedimentable boundary, presumably 
nucleic acid. At the time of the analysis, the preparation was more than 
4 month old, and Dr. Sharp has informed us that a similar behavior is 
shown by old preparations of Py bacteriophage. The sedimentation con- 
stunts for the prineipcel corrected the Water burt neg- 
lecting the viscosity of the virus, are and Svedberg units. “Phough 
the values must be considered tentative, they compare closely with the 
figures reported for the two principal boundaries observed with Ts hace 
teriophage, namely 725 and Svedberg units 

An electrically driven analytical ultracentrifuge (Spinco) equipped with 
a schlieren optical method has recently been made available to us, and we 
hope to make a sedimentation velocity: study of the double boundary 
phenomenon with Ts phage im conjunction with electrophoretic studies, 


Fic. S. Sedimentation diagram of Escherichia coli bacteriophage Ty from broth. 


The concentration of phage was 1.55 mg. per ml. The mean centrifugal saeceleration 


was 7000g and the time interval between pictures was 2) minutes. 

In preliminary investigations at pil 7.6 in O.1 ionie strength veronal-NaCl 
buffer, a preparation of svnthetie medium phage vielded a principal bound- 
ary (Soo about 700), together with a trace of nucleic acid. Broth phage gave 
two principal boundaries (Soo about TOO and LOLO) and a slowly sedimenting 
boundary, presumably nucleie acid. These values are uncorrected and 
tentative, but do serve to confirm the order of magnitude of the particle 
size of bacteriophage ‘Ts. 


DISCUSSION 
In physical characteristics, in infeetivity and stability, and in chemical 
composition Te bacteriophage closely resembles Ts. Moreover, electron 
micrographs indicate that particles of the two strains of phage are nearly 
identieal in morphology and size. Both phages also exhibit a unique double 
boundary phenomenon in the ultracentrifuge, the sedimentation constants 
for the two boundaries for Ty being the same within experimental error as 
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those tor Ts. With Ts phage, as with Ty, this behavior may be attributed 
to aggregation, for a small steady increase in phage titer is experienced 
when high dilutions of the virus in sterile broth are assayed periodically, 
The average infectivity of T's phage, as well as the range of infectivities 
observed, likewise closely parallels the values observed for Ts. Though 
the infectivity of various preparations was within rather constant limits. 
this property may not be considered a sufficient criterion of purity for 
bacteriophages because of the possibility of aggregation or of the presence 
of free DNA. From the infectivity value of about 107" gm. of N per phage 
and trom the N content of 13.2 per cent found by WKjeldahi analysis,’ 
it can be calculated that a single virus particle has a mass about 460,000,000 
times as great as that of the hydrogen atom. 

TT. bacteriophage derived trom svnthetic medium cultures differs mark- 
edly in stability from Ts phage harvested from nutrient broth. An in- 
creased lability of synthetic medium T, phage has likewise been noted by 
several workers, and has been attributed by Cohen (21) to an external 
coat of DNA on the synthetic medium phage. Cohen concluded that 
the apparent external coat was probably not attributable to adsorption 
of the decomposition product of the phage but rather represented a struc- 
tural difference; a.c., that the coating was the cause rather than the result 
of the difference in lability of the virus obtained from the two media. How- 
ever, the electrophoretic experiments reported herein demonstrate that 
DNA. which accompanies synthetic medium phage Ts throughout the 
course of purification by several methods, is readily separable in an elec- 
tric field. These data thus suggest that DNA liberated in the decomposi- 
tion of svnthetic medium phage is adsorbed by intact virus particles and 
is bound by electrostatic forces similar to those involved in the inter- 
action of DNA with simple proteins. The similarity in electrophoretic 
mobility of Ts bacteriophage, whether derived from nutrient broth or from 
synthetic medium, indicates the absence of marked surface structural dit- 
ferences in the two viruses. The adsorption of DNA to the surface of the 
virus particles is perhaps the factor leading to aggregation and giving rise 
to the double boundary phenomenon in the ultracentrifuge. “The marked 
effect of Cat? on the sedimentation constant of the virus (8, 9) is in aceord 
with this suggestion, 

Electrophoretic analysis served as the chief criterion of physicochemical! 
homogeneity in this investigation. In no instance were more than three 
components observed. One of these, usually present in trace amounts 
and more generally associated with synthetic medium phage, was denoted 
by a fast moving boundary of constant mobility and has been identitied 
as free DNA. In some instances, both with broth phage and synthetic 
medium phage, two principal boundaries of closely similar mobility were 
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obtained. Preliminary sedimentation velocity analysis suggests that the 
electrophoresis behavior may be related to the double boundary phenom- 
enon previously reported by Hook ef al. (8, 9). However, the best 
preparations of broth phage ‘T's yielded a single electrophoretic boundary 
over the whole pH range of study. Likewise, synthetic medium phage 
generally exhibited a single slow moving boundary, though always ac- 
companied by small amounts of DNA. 

In all electrophoresis experiments, however, the boundary spreading 
was more rapid than would be expected from free diffusion of particles 
of the size found for the virus from infectivity data, ultracentrifuge studies, 
and electron micrographs. ‘The possibility of phage motility was excluded 
by separate diffusion experiments performed in the Tiselius cell by the 
Longsworth method (22). While the opalescence of the solutions and 
boundary skewness precluded precise evaluation of the diffusion constant 
for bacteriophage T's, the data revealed that the virus has a low diffusion 
constant when compared to that of crystalline bovine serum albumin 
studied simultaneously in the other limb of the cell. In the absence of 
rapid diffusion, the spreading and skewness of electrophoretic boundaries 
may generally be attributed to electrophoretic heterogeneity or to thermal 
convection (23). These effects may be distinguished by reversing the 
electrical field, boundary sharpness largely being restored in the event 
that the spreading was due to electrophoretic heterogeneity. However, 
with broth phage which gave a single skewed boundary at pH 7.6 (Fig. 
3, A), reversal of the current at reduced power load until the boundaries 
were restored to their original positions served only to increase their dif- 
fuseness (Fig. 4). This result suggests that the diffuseness is not indica- 
tive of electrophoretic heterogeneity, but rather of thermal convection 
occasioned by the low density gradients required by the solubility and 
optical properties of the virus. However, unusually low power loads were 
employed in all experiments in order to avert this effect. Accordingly, 
an alternative hypothesis is suggested: EZ. coli bacteriophage ‘T's is appar- 
ently the largest particle yet successfully studied in the Tiselius elec- 
trophoresis apparatus without the addition of stabilizing proteins. With 
vaccinal elementary bodies (Se = 4910) boundary streaming was ob- 
served which was variously attributed to endosmosis or density gradient 
efiects but could be eliminated by the addition of serum protein (24). 
Moreover, unlike most known viruses, Ts coliphage is a tadpole-shaped 
particle of definite morphology, as revealed by electron micrographs. 
In addition, there is strong evidence of particle interaction both from 
sedimentation studies and activity determinations. In view of these facts 
it seems unlikely that the tailed bacteriophages, even in purified form, 
would obey rigid physicochemical criteria of homogeneity applicable to 
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small spherical or rod-shaped particles. Both in electrophoresis and jn 
sedimentation the validity of the application of Stokes’ law is implied. 
However, the latter assumes spherical non-interacting particles, a con- 
dition obviously abrogated in the bacteriophage system. Likewise, the 
possibility of preferred orientation due to particle morphology or polarity 
must be considered, for such orientation would exert a disturbing effect 
on sedimentation and electrophoresis. 

The results of this investigation emphasize the lability and the diff. 
culty of purification of the coliphages and indicate the caution required 
in subjecting them to physicochemical characterization designed for simple 
protein molecules. The physicochemical and morphological complexity of 
the bacteriophages demonstrated herein, together with chemical analyses 
given in a later paper,! is not in accord with the concept that all viruses 
are simple nucleoproteins. These results, together with those for other 
viruses summarized in a recent review (25), reveal the inadequacy of the 
term “‘molecule” when indiscriminately applied to such infectious agents. 


SUMMARY 


Escherichja coli bacteriophage Ts has been grown in quantity after either 
single or multiple infection of the host maintained in nutrient broth or 
in synthetic (lactate) medium. The phage was harvested in the supercen- 
trifuge and purified by differential centrifugation, ethanol concentration, 
or acid precipitation. Bacteriophage prepared from either medium is simi- 
lar with regard to infectivity, electrophoretic mobility, and pH stability 
zone, but the synthetic medium phage is markedly more susceptible to 
inactivation on centrifugation or on standing. 

Bacteriophage Ts. prepared by these methods has been characterized 
by electrophoretic analysis throughout the pH stability zone. Over the 
region accessible to study the phage migrates toward the anode. — Prepara- 
tions exhibiting a single boundary in the range of pH 5.1 to 7.6 have been 
obtained from broth cultures by differential centrifugation. However, 
bacteriophage harvested from synthetic medium has thus far always ex- 
hibited at least a trace of a fast moving boundary upon electrophoresis. 
The impurity has been isolated and identified as desoxyribonucleic acid 
and is considered to be a decomposition product of the virus which itself 
contains about 40 per cent DNA. Electron micrographs of bacteriophage 
Ts show characteristic tadpole-shaped particles. Preliminary character- 
ization of the purified phage in the analytical ultracentrifuge has revealed 
the presence of two principal boundaries with sedimentation constants of 
about 790 and 1030 Svedberg units. As with T, bacteriophage, the double 
boundary phenomenon is attributed to aggregation. 
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THE DEPOSITION OF URANIUM IN BONE 
IV. ADSORPTION STUDIES IN VITRO* 
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B. J. MULRYAN 


(From the Division of Pharmacology and Toxicology, Department of Radiation 
Biology, School of Medicine and Dentistry, The University of Rochester, 
Rochester, New York) 


(Received for publication, December 6, 1948) 


Distribution and excretion studies (1-4) have consistently revealed 
that a large proportion of parenterally administered uranium is deposited 
in the skeleton from which it is mobilized slowly. It appeared advisable, 
therefore, to investigate the extent and nature of the affinity of the bone 
substances for uranium under the more controlled conditions obtainable 
with preparations in vitro. 

Bone ash and fresh bone were equilibrated with uranium in a bicarbon- 
ate buffer under a variety of conditions, especially those considered to 
simulate conditions existing in the animal during uranium poisoning. In 
all cases, a transfer of uranium from the solution to the bone phase was 
observed. Simultaneously, there was an increase in the amount of calcium 
dissolved by the buffer. These findings suggested that the mechanism of 
fixation of uranium involves an ionic exchange with some group (probably 
calcium) on the surface of the mineral phase. Studies of the solubility of 
uranium in the solutions employed substantiated the ion exchange hy- 
pothesis. No precipitation of uranium (as neutral phosphates) occurred 
in the range of concentrations of physiological interest. 


EXPERIMENTAL 
Methods 


Bone was taken from the shafts of the long bones of rabbits, freed of 
soit tissue, and ashed by boiling in a solution of 3 per cent KOH in 
ethylene glycol (5). After being washed and dried, the ash was ground to 
a particle size of between 60 and 120 mesh; larger and smaller particles 
were discarded. Variation in particle size (60 to >200 mesh) was found to 
lave no significant effect on the uptake of uranium; however, particles of 
intermediate size were the most easily manipulated. Fresh bone was 
dried, ground to proper particle size, and redried to constant weight. 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at the Atomic Energy Project of The University of 
Rochester, Rochester, New York. 
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To simulate conditions in vivo, it would have been desirable to employ 
- an ultrafiltrate of blood as the fluid medium. However, because of the 
difficulty of obtaining adequate quantities of blood ultrafiltrate, bicarbon- 
ate buffer at the physiological concentration (0.025 m) was used. With 
respect to ability to form complex uranyl compounds, bicarbonate is the 
most important anion in blood ultrafiltrate (6). Though 0.025 m bicarbon- 
ate is not an efficient buffer, the pH remained between 7.2 and 7.3 in nearly 
all cases. 

In these studies, all solutions were made by diluting aliquots of a satu- 
rated stock solution of uranium containing equimolar quantities of 
U0.(CH;COO), and sodium acetate with a concentrated solution of 
sodium bicarbonate. Sodium acetate was added to reduce the acidity of 
the uranyl salt; the additional acetate could not introduce a measurable 
error because of the very low affinity of acetate for uranyl! ions (6). The 
final uranyl bicarbonate solutions were then equilibrated at atmospheric 


TaBie I 
Effect of Buffer on Fixation of Uranium 
Medium Initial solution | Final solution 
U per ml 7 U perml. ont 
24 4.1 83 
21 3.9 86 


pressure with a mixture of 5 per cent CO, and 95 per cent Oz, to adjust the 
pH. The solution was added to centrifuge tubes containing the bone 
sample always in the proportion of 1 ml. of solution to 2 mg. of ash and 


reequilibrated with the CO»-O, mixture. The tubes were then sealed with 


paraffin-coated corks and shaken at room temperature for 48 hours. 

Preliminary tests (7) showed the following. No significant loss of CO; 
occurred during the shaking. There was no adsorption of uranium by the 
glass or paraffin-coated stoppers. The distribution of uranium between 
the ash and the solution reached an apparent equilibrium in 48 hour. 
There was no significant shift in this equilibrium when the equilibration 
temperature was raised to 37°. There was a marked difference in the 
uranium uptake if the ratio of weight of bone ash to volume of solution 
were varied. As indicated in Table I, results obtained with an ultra 
filtrate of beef blood as the equilibrating fluid were almost identical with 
those obtained with the usual bicarbonate buffer. 

The solutions, before and after equilibration with bone, were analysed 
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for uranium by the fluorophotometric method (8) and the differences 
calculated as the amounts removed by bone. Analyses for calcium by the 
Roe and Kahn method (9) and phosphorus analyses by the Fiske and 
Subbarow method (10) were also made on the solutions at equilibrium. 


Results 


Effect of Varying Uranium Concentration on Transfer of Uranium from 
Solution to Bone —The essential information on the uptake of uranium by 
bone ash in vitro was obtained by maintaining the bicarbonate concen- 
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Fig. 1. The adsorption of uranium on bone ash. See the text for explanation. 


° 
CA AND P IN SOLUTION 
(LOG ¥/ML) 


ration at 0.025 m while varying the uranium concentration from 5 to 
100 y per ml. The distribution of uranium between the mineral phase 
ind the solution at equilibrium as plotted on a log-log scale is shown in 
the upper curve in Fig. 1. This curve can be divided into three distinct 
parts (Phases I, II, and III). The concentrations of Ca and P found in 
these equilibrium solutions are also plotted in Fig. 1, and the curves show 
three distinct phases coincident with those of the curve of the uranium 
distribution. 

The disappearance of uranium from solution could be attributed to 
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several factors among which adsorption, precipitation, or ionic exchange 
seemed most likely. To determine whether the uranium was transferred 
as a soluble or insoluble compound, a study was made of its solubility in 
the solutions employed. When uranium was added to solutions of bi- 
carbonate which had been previously saturated with bone ash, precipitates 
appeared which were found to be a mixture of neutral uranyl phosphates. 


Accordingly, a more critical study of the solubility of uranyl phosphate 


in the presence of bicarbonate and calcium was made. 

Solubility of Uranium in Saturated Solutions of Bone Ash—The “‘satu- 
rated’”’ solutions were prepared by shaking bone ash for 48 hours with 
uranium-free, CO,-equilibrated 0.025 m NaHCO; in the proportion of 1 ml. 
of solution to 2 mg. of ash. Such solutions contained consistent quantities 
of Ca and P, averaging 5.8 and 6.8 7 per ml. respectively. After removing 
the undissolved ash, uranyl acetate was added to make concentrations 
varying from 80 to 400 y of U per ml. The appearance of precipitates in 
these solutions was erratic but was aided considerably by the addition of 
solid sodium chloride. Rarely, a flocculent, yellow precipitate appeared 
immediately in solutions containing as little as 80 y per ml. of uranium. 


Occasionally, at uranium concentrations of greater than 200 y per ml., | 


only a slight turbidity occurred, even after the addition of salt. The 
precipitates were collected and washed several times with distilled water. 
Analysis of all precipitates showed that uranium and phosphorus were 
present in a molecular ratio of approximately 1. A thorough analysis of 
one such residue showed it to contain 54 per cent uranium, 6.8 per cent 
phosphorus, 4.3 per cent sodium, 0.88 per cent Ca, and 0.10 per cent 
magnesium.' The amount of carbonate present was probably negligible, 
since no evolution of carbon dioxide could be detected upon addition of 
acid. This composition suggested that the precipitate was a mixture ol 
neutral uranyl phosphates such as described by Chretien and Kraft (11). 
Assuming the presence of 3 moles of water of crystallization per mole of 
uranium, the composition found agrees with that calculated for a mixture 
of Na(UO,)(PQ,), and in a molar ratio 
of 23:2.7:1, respectively. Since the precipitates were formed by a drastic, 
salting-out procedure, it cannot be claimed that precipitates formed on the 
bone surface would have comparable proportions of the cations. How- 
ever, the results demonstrate that the formation of such mixtures of urany! 
phosphates in the equilibrium solutions is possible. Such precipitates, if 
formed in the experiments described above, would increase the quantity 
of uranium calculated as that removed by bone. 


Solubility of Uranium in Synthetic Bone Ash Solutions—The solubility — 


1 Mg was determined spectrographically by Dr. L. Steadman. Na was determined 
by Dr. J. Holler using a flame photometer. 
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behavior of uranyl phosphates was investigated quantitatively in synthetic 
solutions in which Ca and P were maintained at the concentrations found 
in the saturated solutions of bone ash; 1.e., bicarbonate (as NaHCQs) at 
0.025 m and calcium (as CaCl) and phosphorus (as NazHPO,) each at 
6yperml. The range of concentrations of uranium (as UO.(CH;COO),) 
employed was the same as in the previous bone ash experiments, t.e. from 
97 to 1500 y of U per ml. The solutions (whether or not precipitates were 
present) were equilibrated with 5 per cent CO,-95 per cent O, at atmospheric 
pressure and allowed to stand for 3 days. They were then centrifuged 
without the addition of salt and the supernatant solutions were analyzed 
for uranium and phosphorus. These data are, in part, presented in Fig. 2. 
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Fic. 2. The precipitation of uranyl phosphate from bicarbonate buffer at various 
concentrations of uranium. 


As in the case of the bone ash-urany! bicarbonate system, and at equiva- 
lent concentrations of uranium, the solubility results may be divided into 
three phases (Fig. 2). In solutions containing uranium at concentrations 
of 150 to 450 y per ml., precipitates of uranyl phosphates exhibiting U:P 
ratios of approximately | appeared consistently as indicated by the cross- 
hatched areas. In a few tests, precipitation occurred outside of these con- 
centration limits (indicated by arrows). If, however, sodium chloride 
were added, precipitation took place at all uranium concentrations above 
80 y per ml. Apparently, between 80 and 159 y per ml. and above 450 7 
per ml., the precipitate tended to remain suspended in a colloidal state. 

This information clarified the results presented in Fig. 1. During 
Phase I, below 80 y of U per ml., uranium remained soluble. It was, 
however, taken up by the ash, possibly in exchange for Ca++, since the 
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amount of calcium in the solution increased as more uranium was taken up 
by the ash phase. During Phase II, the solubility of uranium was exceeded 
and uranyl phosphates precipitated on the bone particles, resulting in g 
sharp, simultaneous loss of uranium and phosphate from solution, with ap 


increase in calcium from further solution of bone as phosphate was removed _ 


from solution. During Phase III, the precipitation was reversed, and 
greater quantities of uranium and phosphate were found in the solutions at 


equilibrium, probably as colloidal uranyl phosphates, since calcium re. — 


mained elevated. 

Reversilility of in Vitro System—The reversibility of the bone ash- 
bicarbonate buffer system was demonstrated in the following experiment. 
After the usual 48 hour equilibration with uranium, the supernatant solu- 
tion was aspirated from the bone and replaced by an equivalent amount 
of bicarbonate solution which was uranium-free but had previously been 
equilibrated with bone ash. The tubes were then shaken for another 48 
hours by which time a new equilibrium was shown to have been attained. 


TABLE II 
Reversibility of Bone Ash-Bicarbonate Buffer System 
Total uranium present Uranium in solution at Uranium in bone at Theoretical for bone at 2nd 
initially in bone equilibrium equilibrium equilibrium (from Fig. 1) 
per mi.* | y per mi. mg. per gm. ash mg. per gm. ash 
21.4 ie 10.2 10.0 


99 | 24 37.5 34.0 


* The concentration of uranium initially present in bone was calculated as its 
equivalent in y per ml. of solution for purposes of comparison. 


The uranium concentrations in the solution initially added to impregnate 
the bone and in the two successive equilibrium solutions were determined. 
With these data, calculations could be made of the amount of uranium 
which was taken up and the amount subsequently given off by the bone 
ash. If the equilibrium were reversible, the final bone to solution distri- 
bution of uranium would be the same in systems containing an equivalent 
amount of uranium whether that uranium resided initially in the bone 
or in the solution. Data obtained from the curve in Fig. 1 served as 4 
comparison and are given in the last column of Table IJ. Within the 
limits of experimental error, the results obtained from two experiments 
indicated a complete reversibility. 

Comparison of Uranium Fizxa‘ion in Fresh and Ashed Bone—In 2 few 


experiments, fresh bone was substituted for bone ash. Such an exper- 


ment is reported in Table III. In view of the fact that ash constitutes 
70 per cent of the fresh, dried bone, it was surprising that fresh bone tr 
moved only 12 per cent as much uranium as did bone ash. It was found 
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that a 7-fold greater quantity of fresh bone (14 mg.) was approximately 
equivalent in adsorptive power to the usual amount (2 mg.) of bone ash. 
Because of the lower affinity of fresh bone for uranium, there seemed 
reasonable doubt that the ion transfer mechanism observed in vitro could 
account for the skeletal deposition of uranium in vivo. In rats, following 
an injection of 2.5 mg. of U per kilo, the blood uranium decreases from an 
estimated 36 y of U per ml. to less than 0.1 y of U per ml. in a few hours, 
in which time 60 per cent of the dose appears in the urine (1). Simultane- 
ously, the remaining 40 per cent is deposited principally in the skeleton, 
resulting in concentrations as high as 50 y of U per gm. of bone ash (1). 
To duplicate these conditions roughly, the following experiment was 
conducted. Assuming the rat to consist of 25 per cent extracellular fluid 
and 6 per cent bone (dry weight), the ratio of bone to fluid is roughly 1:4. 
Powdered, fresh bone was added in a ratio of 1:4 to bicarbonate buffer 
containing 14 y of U per ml. (40 per cent of 36 y per ml.). At equilibrium, 
the concentrations in the bone and solution were 56 y of U per gm. of ash 


Taste III 
Comparison of Fresh and Ashed Bone with Respect to Firation of Uranium 
Uranium in solution initially, 38 y per ml. 


No. of samples at 
| mg. per gm 
13.5 
Fig. 1 


and 0.053 y of U per ml. respectively, duplicating the results of studies 
in vivo. 


DISCUSSION 


Over the range of concentrations observed in blood during uranium 
poisoning (1) (corresponding to Phase I) uranium was found to be com- 
pletely soluble under our experimental conditions. None the less, uranium 
was transferred from solution to bone. The distribution of uranium 
between solution and bone was found to be dependent upon the relative 
amounts of the two phases, suggesting a surface-limited reaction. The 
fact that the equilibrium was relatively unaffected by variations in particle 
size might be considered as contrary evidence were it not for the demonstra- 
tion (12) that the surface area of bone ash is not a function of particle size. 
As seen in Fig. 3, the data, plotted as a typical sigmoid curve (interrupted 
by Phase II), suggested that the equilibrium, at these concentrations, con- 
formed to the laws governing dissociation. Further, the transfer was 
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found to be completely reversible, and was insignificantly affected by 
temperature changes. 

A surface-limited reaction involving dissociation is suggestive of an jon 
exchange process. Such a process has been demonstrated for the inter. 
action between bone ash and phosphate buffer (12). 

If an ion exchange is responsible for the transfer of uranium from solu. 
tion to bone, the ion most likely to be exchanged for UQ,** is Cat*. Tha: 
calcium took such a part in the exchange was suggested by the increased 


URANIUM IN BONE ASH 
( we. / GM.) 


URANIUM IN SOLUTION INITIALLY 
(toG Y/ WML. ) 


Fic. 3. The relation between concentration of uranium in solution and in bone ash 
plotted as a dissociation phenomenon. 


calcium content of the equilibrium solutions when greater quantities of 
uranium were added to the bone ash-buffer system. Subsequent studies 
have confirmed this suggestion. 

The maximum quantity of uranium held by bone ash may be estimated 
from Fig. 3 to be of the order of 48 mg. per gm. or 0.2 mm per gm. The | 
only anionic grouping present in the bone surface in a concentration high 
enough to account for this binding capacity is phosphate, 0.55 mM per 
gm. (13). 


50 
40 
% 
0.5 1.0 1.8 2.0 2.5 3.0 
| 6 
9 
10. 
1. 
12. 
13, 


82 


NEUMAN, NEUMAN, MAIN, AND MULRYAN 333 


The equilibrium distribution of uranium between bone and solution 
was strongly in favor of bone. At the lowest point on the curve (Fig. 1) 
where there was insufficient uranium to satisfy the available binding 
capacity of bone, the concentration of uranium in ash was 20,000 times that 
in solution. Even as the binding capacity approached saturation (end of 
Phase I), the distribution favored bone by a factor of 400. Thus, the 
jonic transfer of uranium from solution to bone is of such a magnitude as 
to account quantitatively for the deposition of uranium in the skeleton 
in vivo. 


SUMMARY 


Bone ash and fresh bone were equilibrated with uranium in a bicarbonate 
buffer under a variety of conditions, especially those considered to simulate 
conditions existing in the animal during uranium poisoning. Observa- 
tions of the transfer of uranium from the solution to the bone phase and 
the simultaneous solution of calcium and phosphorus suggested that the 
mechanism of fixation at concentrations of uranium occurring in vivo 
involves an ionic exchange between uranium in solution and some group 
(probably Ca) on the surface of the bone crystals. This was substantiated 
by a study of the solubility of uranium in the solutions employed. The 
ionic exchange occurring tn vitro quantitatively accounts for the deposition 


of uranium in the animal skeleton, 
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Studies of the transfer of uranium from bicarbonate buffer to various 
bone preparations in vitro (1) indicated that the fixation of uranium was 
for the most part a surface phenomenon involving ionic exchange. It was 
also noted that two different bone preparations varied markedly in their 
ability to adsorb uranium. Glycol-ashed bone was much more effective 
than fresh bone of the same particle size. 

This is a report of a series of investigations of the ionic exchange mecha- 
nism. First, a comparison was made of the ability of three bone prepa- 
rations to adsorb uranium in vitro with their ability to exchange phosphate 
and calcium ions. Second, a study was made of the effect of a preliminary 
saturation of glycol ash with uranium on its phosphate and calcium ex- 
changeabilitv. The results from both investigations confirmed the view 
that uranium fixation by bone does involve an ionic exchange. 


EXPERIMENTAL 
Methods 


Three bone preparations from the shafts of the long bones of rabbits 
were tested: (a) fresh bone, dried to constant weight, and ground to a 
particle size between 60 and 120 mesh; (6) glycol ash, obtained by boiling 
fresh bone in alkaline glycol at a temperature of approximately 200° (2), 
also ground to a 60 to 120 mesh size; (c) ‘“‘glycol-muffle ash,” obtained by 
heating glycol ash in a muffle furnace at 400° for 6 hours followed by 6 
hours at 700°. 

The method of equilibrating bone preparations with bicarbonate buffer 
containing uranium was the same as that reported earlier (1). Phosphate 
exchange was studied with the techniques reported by Falkenheim, 
Neuman, and Hodge (3) in which an equilibration of the bone preparation 
at pH 7.3 with 0.0013 m phosphate buffer containing P*®? is used. Similar 


*This paper is based on work performed under contract with the United States 
Atomic Energy Commission at the Atomic Energy Project of The University of 
Rochester, Rochester, New York. 
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procedures! were used for calcium exchange except that the equilibration 
solution was unbuffered (pH 6.7) and contained only calcium chloride 
with added Ca*. 

A modification? in the method of calculating exchange data (3) was 
made. This modification corrects for small order changes in the concen- 
tration of the exchangeable ion in the solution phase which occur occa- 
sionally during equilibration. 

Uranium was determined by the fluorophotometric method (4), phos- 
phate by the method of Fiske and Subbarow (5), and calcium by the 
method of Roe and Kahn (6). 


Results 


It was noted that bone preparations which had been ashed in alkaline 
glycol removed uranium from bicarbonate buffer, whereas bone prepa- 
rations ashed at high temperature in a muffle furnace did not. To clarify 


TABLE I 
Effect of High Temperature Ashing on U ptake of Uranium and Exchange of Phosphorus 
and Calcium 
Preparation Uuptake®  Pexchanget Ca 
me per gm. ash per cent per cent 
37 8.8 13.8 


Glycol-muffle ash............. 0 0.5 2.3 


* Initial concentration in solution was 100 y per ml. 
t The exchange values were obtained from a 48 hour equilibration. 


this problem, a glycol ash preparation was further treated in a muffle 
furnace at 700° and the uranium uptake and phosphate and calcium ex- 
change of this preparation were compared with that of the original glycol 
ash. The results are given in Table I. Within the limits of experimental 


1 Falkenheim, M., Underwood, E., and Hodge, H. C., unpublished results. 

2 The earlier (3) method of calculation was based on the assumption, that, at equi- 
librium, the ratio of radioactive to normal isotope was identical in the two systems: 
in the solution and in the exchangeable fraction of the insoluble phase. The new 
calculation is based on the standard ‘“‘isotope dilution” technique. The assumption 
in this case is that, at equilibrium, the dilution of the radioisotope to the normal 
isotope in the solution is a measure of the amount of normal isotope contributed by 
the insoluble phase. The calculation isCg = ((C, K Ry)/R,) — Ci, where Cp = mg. 
of exchangeable ion in the bone phase, C, = mg. of exchangeable ion in the solution 
phase at equilibrium, R; = total radioactivity of ion added to solution phase ini- 
tially, R. = total radioactivity remaining in the solution phase at equilibrium, and 
C; = mg. of exchangeable ion in the solution phase initially. From the equation 
above, the per cent ion in bone which is exchangeable = (Cg/(mg. total ion in the 
bone phase)) X 100. 


Each value represents an average of three samples. 
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error, the high temperature treatment completely prevented the transfer 
of uranium from the buffer to bone. Calcium exchange was markedly 
reduced and phosphate exchange nearly abolished. 

As noted previously (1), fresh bone was less effective than glycol-ashed 
bone in binding uranium in vitro. The phosphate and calcium exchange 
of this fresh bone was also studied. To insure that the lower results re- 
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Fig. 1. A comparison of the ability of ashed and fresh bone to adsorb uranium and 
exchange calcium and phosphate. The curve for uranium uptake by ash is taken 
from previous studies (1). 


ported previously could not be attributed to a slower rate of reaction, the 
adsorption of uranium and the exchange of calcium and phosphate were 
studied over a period of 6 to 8 days. The data are presented graphically 
in Fig.1. Although not reduced as markedly as the uranium uptake, both 


calcium and phosphate exchanges were much lower in the fresh bone prepa- 
ration. 
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If uranium were adsorbed on the bone surface by a mechanism involving 
ionic exchange, it would follow that the ion for which the uranium ex. 
changed would be reduced in concentration in uranium-treated bone. Ty 
determine the effect of uranium impregnation on calcium and phosphate 
exchange, two samples of glycol-ashed bone were first equilibrated with 
uranium in bicarbonate buffer for 48 hours, the solution aspirated, and the 
impregnated samples then studied for calcium and phosphate exchange. 
The uranium content of the bone used for caleium exchange was calculated 
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Fic. 2. The effect of uranium impregnation on the ability of bone ash to exchange 
calcium and phosphate. 


to be 31 mg. of U per gm. and that of the bone used for phosphate ex- 
change, 26 mg. of U per gm. 

The presence of uranium inhibited the exchange of both calcium and phos- 
phate, as seen in Fig. 2. The adsorption of 1 mole of uranium reduced 
the amount of exchangeable phosphate and the exchangeable calcium each 
by 2 moles.* 


* This calculation is subject to rather large error. The observed values were P, 
1.97 + 0.4; Ca, 2.1 + 0.3. 
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DISCUSSION 


The observation that high temperature ashing prevents the fixation of 
uranium by bone confirms the results of previous solubility studies (1) 
which showed that the fixation process did not involve a precipitation of 
uranyl phosphate. The change in composition of the insoluble phase 
(bone ash) resulting from high temperature treatment would not be ex- 
pected to influence a precipitation reaction so markedly. 

On the other hand, all of the experiments described in this report demon- 
strate the correlation between the amounts of surface calcium and phos- 
phate (exchangeable) in the various bone preparations and their ability 
to fix uranium. ‘This strengthens the view that the mechanism of fixation 
involves ionic exchange. 

The ion in the bone surface most likely to be exchangeable with the 
uranyl ion (UQ,**) would be calcium (1). It would be expected, there- 
fore, that bone samples impregnated with uranium would contain a smaller 
amount of exchangeable calcium. As indicated in Fig. 2, this was found to 
be true. It was surprising, however, that 1 mole of uranium replaced 2 
moles of calcium. Both are divalent ions. It was also surprising that 
surface phosphate, too, was rendered non-exchangeable to the extent of 2 
moles per mole of uranium bound by the bone. The significance of this 
finding will be discussed in a later publication (7). 

Apart from the problem of uranium deposition, data have been obtained 
bearing on the crystalline structure of bone mineral. On a percentage 
basis, approximately twice as much calcium as_ phosphate was found to 
be exchangeable, indicating that the surface of the crystal contains a higher 
concentration of calcium than does the interior. A simple calculation 
shows the Ca:P ratio in the surface is of the order of 4. Most of the non- 
phosphate anions in bone must therefore be associated with surface cal- 
cium, an idea expressed 8 years ago (8). Further studies on this interesting 
problem are desirable. 


SUMMARY 


Previous studies have indicated that the fixation of uranium by bone is, 
for the most part, a surface phenomenon involving ionic exchange. The 
results in this report confirm this view. First, a correlation was demon- 
strated between the magnitude of the fraction of exchangeable calcium 
and phosphate of bone preparations and their ability to fix uranium. 
Second, the presence of adsorbed uranium inhibited the exchange of cal- 
cium and phosphate of bone. 


The authors gratefully acknowledge the assistance of E. Underwood in 
the analysis of calcium and radioactivity measurements. She kindly 
furnished the data on calcium exchange presented in Fig. 1. 
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Previous studies have indicated that the deposition of uranium in bone 
is a surface-limited reaction involving an exchange of the uranyl ions of 
the solution for some ion in the surface of the mineral phase of bone, 
probably calcium (1, 2). As a further test of the exchange hypothesis, a 
series of ion competition experiments was conducted, in which the effects 
of varying concentrations of hydrogen, bicarbonate, phosphate, and eal- 
cium ions were observed. Evidence was obtained which confirmed the 
exchange hypothesis and established calcium as the principal surface ion 
in bone which uranium displaces. 


EXPERIMENTAL 
Methods 


In these experiments, only bone which had been ashed in alkaline glycol 
(3) at 200° was employed. The method of equilibrating bone ash with 
bicarbonate buffer containing uranium has been reported earlier (1). 
Analyses for uranium were made by the fluorophotometric method (4), 
phosphorus by the method of Fiske and Subbarow (5), and calcium by the 
Roe and Kahn (6) procedure. 


Results 


Uranium Deposition in Bone Ash with Varying Concentrations of Bi- 
carbonate and Hydrogen Ions—When the concentration of uranium was 
kept constant (at 87 y per ml.) and the concentration of bicarbonate in- 
creased in the solution phase, decreasing quantities of uranium were taken 
up by the bone ash. A semilog plot of these data including the pH changes 
involved is presented in Fig. 1. 

The decrease in uranium uptake was due, in part, to the increase in 
pH coincident with increasing concentrations of bicarbonate. This was 


*This paper is based on work performed under contract with the United States 
Atomic Energy Commission at the Atomic Energy Project of The University of 
, Rochester, New York. 
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demonstrated by lowering the pH of a concentrated bicarbonate medium to 
6.7 by equilibration with 100 per cent CO... The uranium deposition wag 
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Fic. 1. The effect of bicarbonate concentration on uranium deposition 


TaBLe I 
Effect of pH on Uranium Uptake by Bone Ash 


of pH Concentration of uranium in bone® 
y per ml. | me. per gm. 
45 | 7.45 17 
| 8.00 12.7 
114 7.51 3h 
8.00 26 
145 : 6.00 71 


| 7.30 44.5 


* Each value represents an average of two samples. 


then shifted toward the theoretical level for a system containing dilue 
bicarbonate at pH 6.7 (equilibration with the usual 5 per cent CO). 
This pH effect was confirmed in preparations of 0.025 m bicarbonate 
containing various concentrations of CO, and uranium. Equilibration 
with different concentrations of CO, would not materially alter the bi- 
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Fic. 2. The relationship between calcium and phosphate concentrations in the 
equilibrium solution. © designates values obtained in uranium-free bicarbonate 
buffer; +, values obtained in bicarbonate buffer containing 3 to 18 y of U per ml. at 
equilibrium. 


TaBLe II 
Displacement of Bone Calctum by Uranium 


Initia) concentration of uranium in Concentration of Ca in solution at Concentration of PO, in solution at 


solution equilibrium equilibrium 
y per mi. y per mi. | y per mi. 
Q* 0.74 6.5 
(O.42-1.2) (6.2-7.0) 
46 5.1 6.5 
114 6.5 6.0 
145 7.3 7.0 


* Average of six values; all others an average of two samples. 


carbonate concentration as it changed the pH. ‘The results arc presented 
in Table I. 


Uranium Deposition in Bone Ash with Varying Concentrations of Calcium 
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in Solution—To a series of solutions in which the uranium (45 y per ml.) 
and the bicarbonate concentrations (0.025 m) were kept constant, varying 
quantities of CaCl, or NasHPO, were added. Excess calcium ions reduced 
the amount of uranium taken up by bone and also reduced the phosphorus 
in solution. At equilibrium, as illustrated in Fig. 2, an inverse relation. 
ship (log-log plot) was observed between the concentration of calcium and 
phosphate. Therefore, although an increase in the Ca:P ratio markedly 
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Fig. 3. Data illustrating the direct competition between calcium and uranyl ions 
for bone. 


decreased the deposition of uranium, it was impossible to demonstrate 
whether the effect could be attributed to calcium or phosphate. It was 
necessary to examine correlative data. 

It was observed that, at pH 8, the progressive addition of uranium to 
the system invariably resulted in an increase in the concentration of 
calcium in the equilibrium solution without the usual corresponding 
decrease in the phosphate concentration. These data are assembled in 
Table IT. 

Therefore, it seems reasonable to assume that, at pH 7.3, the effect of 
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varying Ca: P ratios on the deposition of uranium may be due to variations 
in the calcium ion. The concurrent changes in phosphate concentration 
may be attributed to the limited solubility of some compound of caleium 
and phosphate. 

With this assumption, it is evident that a direct competition exists 
between calcium and uranium for the combining sites on the bone phase. 
Fig. 3 illustrates this competition by showing the linear relationship 
(log-log plot) between the concentrations of calcium and uranium in the 
equilibrium solution and the inverse relationship between calcium in solu- 
tion and uranium in bone. 


DISCUSSION 


With the observations reported above, sufficient data (1, 2, 7, 8) have 
now been accumulated to permit a general description of the mechanism 
by which uranium is deposited in bone. 

The mechanism of uranium’s nephrotoxic effects has been recently 
reviewed (9). A brief summary of this information is pertinent to the 
present discussion. ‘lo elucidate the mechanism of the toxicological action 
of uranium, Dounce and Flagg (10) investigated the chemical behavior 
of uranium under physiological conditions. Their studies demonstrated 
that very little uranyl ion (UQ,**) exists in solution at pH 7.2. Rather, 
most of the uranium forms complexes with various organic and inorganic 
anions. The complexes of uranium with proteinate, bicarbonate, and 
acetate were investigated in detail; only preliminary studies were made of 
complexes of uranium with malate, citrate, and organic and inorganic 
phosphates. Based on these chemical studies, the metabolism of hex- 
avalent uranium was formulated as follows: In the animal, uranium is 
carried in the blood principally in two forms, an indiffusible fraction which 
is protein-bound (about 40 per cent) and a diffusible fraction consisting 
largely of the uranyl bicarbonate complex (about 60 per cent). These 
two fractions are in equilibrium, so that removal of the diffusible portion 
results in a dissociation of the protein-bound fraction. Under physiologi- 
cal conditions, the uranium in combining with protein causes little or no 
denaturation. Cellular damage occurs in vivo only when there is insufficient 
bicarbonate and other organic anions to keep uranium in the form of a 
diffusible complex ion, viz. in the kidney tubule. The diffusible bicarbonate 
complex of uranium is filtered through the glomerulus and as the glomerular 
filtrate passes through the tubule, bicarbonate ion is resorbed. Con- 
current with the fall in bicarbonate concentration, the dissociated uranyl 
ion is free to combine with active groups on the surfaces of the cells lining 
the tubules, ultimately resulting in cellular damage. 

Data on the distribution and excretion of administered uranium (11) 
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showed that uranium is deposited tn vivo in two principal sites: the kidney 
and the skeleton. The mechanism of the deposition of uranium in kidney 
has been adequately explained (9), as reviewed above. It was the purpose 
of our studies to elucidate the mechanism by which administered uranium 
becomes fixed in the skeletal system. 

It has not been established whether cellular activity takes part in the 
fixation of uranium by bene in vivo. However, the equilibration of ground 
bone (fresh and ashed) with dilute solutions of uranium in vitro has con- 
sistently resulted in a transfer of uranium from the solution to the solid 
phase. Further, the order of magnitude of this transfer was such that any 
process involving cellular activity per se must be considered quantitatively 
unimportant (1). 

Studies of the solubilities of uranyl phosphates (1) have revealed that, 
in the presence of bicarbonate, uranyl phosphates precipitate only at con- 
centrations of uranium higher than those attained in vivo. 

Thus, some form of surface activity appeared responsible for the fixation 
process. Substantiating evidence was required, together with the identifi- 
cation of the surface group or groups involved. 

It was found that the distribution of uranium between the solution and 
the solid phase was a function of the ratio of the amounts of the two 
phases (1), strongly indicating a phase-limited reaction. When the ratio 
of solution to bone ash was kept constant, a plot of the amount of uranium 
added against the amount of uranium adsorbed by bone resulted in an 
S-shaped curve, indicating that the phenomenon followed the law of mass 
action. The dissociation of the bone-uranium combination, however, 
was extremely low. Confirming the dissociation concept was the observa- 
tion that the equilibrium was reversible and relatively unaffected by 
temperature variation (1). 

The principal surface groups capable of chemical union with uranium 
ean be listed: protein carboxyl, carbonate, and phosphate. Protein 
carboxyl can be eliminated for three reasons: (a) the number of groups 
could account for only a few per cent of the total binding capacity; (6) 
ashed bone, free of protein, was more efficient in adsorbing uranium than 
fresh bone (1); and (c) protein-bound uranium has been found to be highly 
dissociated (10). Carbonate groups could not be responsible for the affinity 
of the bone mineral for uranium for two reasons: (a) the number of car- 
bonate groups present in bone could account for only a few per cent of the 
total binding capacity, and (b) since uranyl complexes of the type UO,—0— 
CO—R are highly dissociated (10), it may be concluded that carbonate 
groups of the bone surface can bind uranium only by forming a complex 
of a more complicated multivalent type. In solutions containing an 
excess of either bicarbonate or carbonate ions, uranium forms a complex 
ion of the type UO.(CO;)z or possible UO.(CO;)¥ (10), which are relatively 
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undissociated. Though such a complex ion might be physically adsorbed 
on a mineral surface, it seems unlikely from spatial considerations that 
such a complex could be formed with separated carbonate groupings in a 
highly oriented crystal lattice. 

The evidence favored the implication of surface phosphate groups. 
Further indication of this was the demonstration of a good correlation 
between the number of surface (exchangeable) phosphate groups in various 
bone preparations and their respective affinities for uranium (2). Ortho- 
phosphate forms a relatively dissociated’ though sparingly soluble complex 
with uranium. At first consideration, this finding appears incompatible 
with the low dissociation of the bone-uranium combination (1). However, 
uranyl pyrophosphate has been demonstrated! to be only slightly dissoci- 
ated (K about 5 X 10°*). Since it has been found that the fixation of | 
mole of uranium renders 2 moles of the bone’s surface phosphate non- 
exchangeable (2), it appears likely that uranium combines with two adjacent 
phosphate groups in the mineral surface, structurally analogous to urany] 
pyrophosphate. Existing data (11) on the arrangement of phosphate 
groups in the apatite crystal indicate that such a combination is structurally 
feasible. Quantitative considerations support this hypothesis. Recalcu- 
lation of data presented earlier (1) shows that the maximum capacity of 
bone ash for uranium is approximately 40 per cent of the number of surface 
(exchangeable) phosphate groups. This is in surprising agreement with 
the theoretical limit of 50 per cent, if one considers the possible space 
limitations. 

In combining with surface phosphate groups, uranium must displace 
some cation or cations. The weight of evidence (1, 2) indicated that cal- 
cum was the principal cation undergoing exchange with uranyl ion. 
The demonstration of a direct competition between calcium and uranium 
for the bone surface substantiates this view. 

As in the case of calcium, increasing the concentration of bicarbonate 
in solution reduced the amount of uranium taken up by bone ash. This 
can be interpreted as direct competition between bicarbonate ion (which 
forms a relatively undissociated complex with uranyl ion (10)) and the 
surface phosphate group for uranium. ‘The reduced uranium adsorption 
observed at elevated pH is somewhat more complicated but, in part, may 
be viewed as a competition between surface phosphate groups and hydroxyl 
ions. These results, though interesting from a theoretical standpoint, 
have proved of little practical significance. Alkali feeding did not increase 
the rate of removal of uranium deposited in the skeleton of the rat (7). 
High calcium diets have not, as yet, been tested. 

The mechanism described above for the fixation of uranium by bone is 


W. F. Neuman and J. Havill, unpublished polarographic studies; also, A. Roth- 
stein and R. Meier, unpublished results. 
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based entirely upon the results of studies of bone preparations in vitro. 
In translating this mechanism to the situation obtaining tn vivo, many 
additional variables are encountered. Such factors as crystal size, crystal 
growth, recrystallization rate, rate of fluid exchange, etc., may be expected 
to vary from one area to another. These variables may be expected to 
alter quantitative aspects of the deposition resulting in an unequal dis- 
tribution of uranium throughout the skeleton similar to that actually 
observed (8). 


SUMMARY 


In studying the deposition of uranium in bone, a series of ion competition 
experiments was conducted, in which the effects of varying concentrations 
of hydrogen, bicarbonate, phosphate, and calcium ions were observed. 
Evidence was obtained which confirmed the hypothesis that calcium is the 
surface ion in bone which uranium displaces. All available data have 
been summarized and the mechanism of the deposition of uranium in bone 
is discussed in detail. 
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Investigations of the antigens of rickettsiae grown in the yolk sacs of 
embryonated hen’s eggs have led us to the examination of the volk of non- 
embryonated eggs (1, 2). The proteins present in the yolk are generally 
considered as two fractions, lipovitellin and livetin, which are differentiated 
according to their solubility in salt solutions When an egg yolk suspen- 
sion containing 10 per cent sodium chloride is extracted with ethyl ether, 
a clear aqueous solution results. If the solution is dialyzed against dis- 
tilled water, or poured into 9 volumes of distilled water, a precipitate forms 
which has been called lipovitellin. ‘This lipoprotein has been studied, for 
example, by Chargaff (3) who was able to obtain preparations of constant 
composition. ‘The Sharples supercentrifuge has been employed by Alder- 
ton and Fevold (4) to precipitate lipovitellin from egg yolk, and the effluent 
has been shown by Fevold and Lausten (5) to contain another lipoprotein, 
termed lipovitellenin, which is soluble only in 10 per cent sodium chloride 
saturated with ether. Few reports, however, could be found on that por- 
tion of egg yolk which is soluble at salt concentrations near isotonicity, 
and it is this material which one encounters in many antigens prepared 
from infected yolk sacs. 

In the present work on the livetin fraction, electrophoretic analysis has 
been frequently applied and, because clear solutions were essential, con- 
siderable time was spent in developing methods of preparation. Although 
it was possible to obtain sufficiently clear preparations by adequate ether 
extraction, an additional method was developed whereby clear solutions 
were prepared without ether extraction. The results of electrophoretic 


analysis of these preparations show that the livetin fraction is a fairly com- 
plex mixture. 3 


Electrophoresis 


The Longsworth modification (6) of the Tiselius apparatus has been used 
for electrophoretic analysis. Unless otherwise stated, the buffer solution 
consisted of 0.0253 m disodium phosphate, 0.00133 m monopotassium phos- 
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phate, and 0.0218 m sodium chloride, pH 7.95, and ionic strength 0.099. 4 
field strength of about 6 volts per cm. was employed in most cases for 180 
minutes. Areas were measured under peaks of the descending side only 


and mobilities were estimated from the distance between the peak in ques- 


tion and the ¢ peak. 


Methods for Preparation of Livetin 


Method A—Unless otherwise specified, ether-extracted preparations were 
obtained as follows. The egg yolks were separated, washed in tap water, 
and then broken up. After adding 2 volumes of 0.85 per cent sodium 
chloride, the mixture was filtered through cotton and was shaken thor- 
oughly with about 2 volumes of ether and allowed to stand overnight at 
room temperature. The clear aqueous layer was drawn off and again 
shaken with 2 volumes of ether. In this manner, a total of six ether ex- 
tractions was carried out, and a clear aqueous solution of yolk components 
was obtained. 


When the dissolved ether was removed from the aqueous solution by | 
suction with a water pump, a precipitate appeared. This precipitate was _ 
centrifuged and retained for further study. The supernatant was dialyzed | 


against the buffer used for electrophoresis. A small amount of precipitate 
formed during dialysis, but the solution could usually be clarified by centrif- 


ugation. 


If the ether extraction was carried out incompletely, for example, by | 
only one or two extractions, the precipitate mentioned above did not | 
appear. There was some difficulty in securing solutions clear enough for © 


electrophoresis, because an increase in turbidity usually took place after 
pumping off the dissolved ether and after dialysis against the buffer; only 
by prolonged centrifugation and filtering were clear solutions subsequently 
obtainable. 

Method B—To prepare yolk proteins without the use of ether, the egg 
yolks were treated as described above and 1 volume of 0.85 per cent sodium 


chloride was added before filtration through cotton. The filtrate was then | 
dialyzed against 0.85 per cent sodium chloride for about 1 week in the re- | 


frigerator. Fresh 0.85 per cent sodium chloride solution at room tempera 


ture was added morning and night. At the completion of dialysis, prepara- — 
tions have been found to contain about 12 per cent of ether-extractable — 


solids and about 9 per cent of solids which were not dialyzable and not ex- 
tractable with ether. At this stage a precipitate was present which con- 
tained little ether-extractable material, but did contain about one-fourth 
of the non-dialyzable, non-extractable solids. The precipitate was re 
moved by centrifugation. 

The supernatant solution was then diluted with 0.5 volume of distilled 
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water to lower the molarity of sodium chloride to about 0.1, and the solu- 
tion was adjusted with hydrochloric acid to pH 6.0 to 6.2 as measured by 
the glass electrode. A voluminous, yellow, flocculent material separated 
and rose to the top of the suspension. This material contained about 70 
per cent ether-extractable solids and was difficult to separate completely 
from the solution. By allowing the suspension to stand in the cold (6°) a 
few hours in a separatory funnel, the lower phase could be drawn off and 
carified by filtration, first through a porcelain filter, then through a Seitz 
sterilizing pad. The filtrate which contained about 3 per cent non-dial- 
yzable solids and 1.3 per cent ether-extractable material was usually clear 
enough for electrophoresis. When the filtrate was not satisfactory, it could 
be adequately clarified by dialyzing overnight in 10 volumes of distilled 
water. Subsequent filtration through a Seitz sterilizing pad resulted in a 
clear solution. 

Precipitate by Method A—The precipitate, which formed when the dis- 
solved ether was removed from the thoroughly extracted aqueous solution 
of yolk, has the following properties. (1) After being washed repeatedly 
in 0.85 per cent sodium chloride solution, it dissolved in 0.85 per cent salt 
solution on the addition of an excess of ether. (2) The solution was 
dightly opalescent and was stable at room temperature for months when 
excess ether was present. (3) When the solution was stored at tempera- 


tures below 20°, a precipitate appeared which dissolved slowly when the 
_ temperature was raised to 20-25°. (4) When the precipitate of Method A 
was washed five times with distilled water and dried from the frozen state, 
 awhite fluffy solid resulted which contained! nitrogen 9.51, phosphorus 


1.16, sulfur 0.45, and ash 0.87 percent. 39 per cent of the solid was extract- 
able in cold 95 per cent ethanol. The ethanol-soluble portion was soluble 
nether and when dried was a white waxy solid. The residue after alcohol 
extraction was not soluble in 0.85 per cent salt solution saturated with ether. 
(5) When 0.1 m sodium caprylate was added to a 1 per cent solution of the 


‘precipitate of Method A in 0.85 per cent salt solution and excess ether, a 


xlution resulted which could be cooled to 6° and from which the ether 
could be removed without the appearance of a precipitate. However, 
dialysis in the buffer used for electrophoresis resulted in precipitation. (6) 


| A stable solution suitable for electrophoresis at 1° was prepared as follows: 
mi. of a 1 per cent solution of the precipitate of Method A in 0.85 per 


cent salt solution saturated with ether were repeatedly shaken with 45 ml. 
of ether which had been used to extract 45 ml. of a mixture of 1 part of 
yolk in 2 parts of 0.85 per cent salt solution. When the dissolved ether 
was removed by vacuum from the aqueous layer, a solution was obtained 


These analyses were carried out by Mr. C. A. Kinser. 
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which contained 0.66 per cent of non-dialyzable solids after dialysis and , 
clarification for electrophoresis. 


ASCENDING DESCENDING ASCENDING DESCENDING 
3 3 
FIGURE | 
3 
5 
2 5 6 43 
FIGURE 7 
! 
FIGURE 3 
: 
422 
FIGURE 8 
FIGURE 4 
3 3 
244, 4 2 
FIGURE 5 
FIGURE 6 FIGURE 9 
Fic. 1. Livetin fraction prepared by extraction six times with ether. 
Fig. 2. Livetin fraction prepared by extraction one time with ether. 
Fic. 3. Precipitate of Method A treated with ether extract of yolk. 
Fic. 4. Livetin fraction prepared according to Method B without ether extraction. } 
Fia. 5. Material of Fig. 4 after ether extraction. 
Fic. 6. Hen plasma. 
Fic. 7. Egg white. 
Fic. 8. Allantoic fluid from 13 day fertile eggs. 
Fic. 9. Livetin fraction, precipitate in 18 per cent ethanol. 


Results of Electrophoretic Analysis of Livetin Preparations | 

An electrophoretic pattern of crude livetin prepared according to Method 

A is given in Fig. 1. Three principal peaks (1, 2, and 3) can be seen with 
respective mobilities of —7 10°, —4.4 X 105, and —2.0 X 107 sq. 
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per volt-second (cf. Table I). A minor peak (/a) usually is found with a 
mobility of —6.4 X 10-* sq. cm. per volt-second. The slowest peak ap- 
pears to consist of two components: 3, with a mobility of about —2 X 10~, 
and 3a, with a mobility of about —2.6 X 10- sq. cm. per volt-second. 

A preparation of livetin which was extracted only once with 1 volume 
of ether and clarified by several centrifugations and filtrations is shown in 
Fig. 2. An increased amount of the slower component of the slowest peak 


TaBLe 
Results of Electrophoretic Analyses of Yolk Fractions and Related Materials 
The numbers in the column headings refer to the labelled peaks in Figs. 1 to 9. 
All mobilities ai are negative, since migration was anodic in every instance. 


| — X 105, sq. cm. per volt-sec. Areas, per cent 
] | Livetin, Method A, 6.99 4.422.02 | | 17. 3 32. 7 50.0 | 
extracted 6 times 6.44 2.64 | 
2 Livetin, Method A, | 7.554.641.71 1. 021. 267. 0 
extracted 1 time | | 
3 Ppt. of Method A, | 1.76 100 | 
ether solution | | 
treated | | 
4 | Livetin, Method B, , 35.0 39. 0 0 
not extracted | 
5 | Livetin, Method B, 14.967.294.542.51 21.3 40. 438. ‘ 
after extraction | 
6 | Hen plasma 53.3 18.3 | 28.3 
7 | Egg white 3.4 (2.2 1.2 
8 | Allantoic fluid, 13th 6.823.451. 69.7/18.6 11.7 
day | | | | | 
9 | Livetin, 18% EtOH 4.862.65 | 2.297.8 | 


can be seen as a sharp peak (3) with a mobility of —1.7 K 1U™ sq. em. per 
volt-second. The presence of the other more rapid compuuent (Sa of Fig. 
) is suggested by skewness at the base of the peak. Further extraction 
with ether removed the material of the sharp peak and left the other com- 
ponents present as they appear in Fig. 1. 

When the precipitate of Method A was dissulved by means of an ether 
solution of the ether-extractable substances of yolk, as described above, a 
‘lution resulted which yielded the electrophoretic pattern shown in Fig. 
3. There appears to be chiefly one component with mobility of —1.8 x 


} 

nod 


354 LIVETIN FRACTION OF EGG YOLK 


10~* sq. em. per volt-second. This is apparently the material of the sharp 
peak of Fig. 2 which was rendered insoluble by thorough extraction with 
ether. 


The analysis of material prepared according to Method B, including | 
dialysis against distilled water, is shown in Fig. 4. Three principal peaks | 
are seen: J and 2 have mobilities close to those of the two slower peaks (2 | 
and 3a, Fig. 1) of fully extracted yolk, the third peak (3 and 4) is somewhat 


slower than any seen in Fig. 1. Ether extraction of such preparations re. 
moves nearly half of the non-dialyzable solids and leaves a preparation with 
the pattern seen in Fig. 5. The three peaks (2, 3, and 4) corresponding 
to the three peaks (7, 2, and Ja) of Fig. 1 are seen, but there is no suggestion 
of the sharp peak (3, Fig. 2) of slow mobility which characterizes the in- 
completely extracted preparation. 

Livetin prepared according to Method A was also extracted with cold 
ethanol and ether by the technique of Zeldis, Alling, MeCoord, and Kulka 
(7) and was examined electrophoretically. A pattern very similar to Fig. 
5 resulted in which there was no evidence of the slow component giving the 
sharp peak. 


Comparison of Livetin Preparations with Other Fluids 


Electrophoretic analyses were also made of hen plasma (Fig. 6), egg 
white (Fig. 7), and allantoic fluid from fertile eggs incubated 13 days (Fig. 


8). It will be noted that the fastest peak (/, Fig. 6) in hen plasma, pre- | 
sumably serum albumin, has a mobility similar to that of the fastest peak — 
(1, Fig. 1) in the livetin preparations. The two large peaks (4 and 6, Fig. | 


6) moving most slowly in hen plasma have a mobility similar to that of the 
slowest peak (3 and 3a, Fig. 1) in livetin preparations. The most rapid 
peak of Fig. 7 (1) is ovalbumin according to the work of Longsworth, 
Cannan, and MacInnes (8), and it appears to move at a somewhat slower 


rate than the fastest livetin peak (/, Fig. 1). The mobilities of the fastest — 


and slowest components (/ and 3, Fig. 8) of 13 day allantoic fluid are simi- 
lar to these of the corresponding components of livetin (1 and 3, Fig. 1). 
Further work comparing the components of egg yolk with those of hen 


serum is in progress. 


Fractionation Experiments with Ethanol 


Preliminary studies of the precipitation of livetin components with etha- | 


nol in the cold have been carried out. The livetin was dialyzed against 
sodium chloride-phosphate buffer of the following composition: 0.0095 M 
monopotassium phosphate, 0.0022 m disodium phosphate, 0.23 m sodium 
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chloride, pH 7.2, ionic strength 0.246. Ethanol was added at 0° to a con- 
centration of 18 per cent by volume. The precipitate was washed with 
the buffer containing 18 per cent ethanol, then dissolved in 0.85 per cent 
sodium chloride solution, and dialyzed against the electrophoresis buffer. 
The electrophoretic pattern is shown in Fig. 9. It was found that the com- 
ponent of slow mobility (3a) of Fig. 1 was recovered with greater than 95 
per cent homogeneity. However, the other two principal components of 
Fig. 1 (1 and 2) were not well separated by alcohol precipitation under 
the conditions of the few experiments performed. 


DISCUSSION 


Since the name livetin has been applied to the material remaining in 
solution after lipovitellin has been precipitated from ether-extracted egg 
yolk by lowering the salt concentration, it is not surprising that electro- 
phoretic analysis shows livetin to be not one substance but a group of sub- 
stances. The materials present in the livetin preparation show electro- 
phoretic mobilities resembling components of hen plasma. Of the three 
peaks seen in Fig. 1 the fastest (/) has, within the limits of measurement, 
the mobility of hen serum albumin (/, Fig. 6). The second peak (2) com- 
pares with the slowest of the 8-globulins, and the slowest peak (3) has a 
mobility not much different from that of the second (6, Fig. 6) of the two 
large peaks which characterize hen serum (9, 10). 

That there is a transfer of proteins from the plasma of laying hens to the 
yolks of their eggs is evidenced by the passive transfer of antibodies. 


_ Jukes, Fraser, and Orr (11) demonstrated in 1934 that diphtheria anti- 


toxin was found in the livetin fraction of egg yolk. The literature on anti- 


bodies in yolk has been reviewed recently by Brandly, Moses, and Jungherr 
(12). 


Since lipovitellin itself has been shown to be a constituent of the plasma 


of laying hens, it has been inferred that this component is merely trans- 


ferred to the yolk in the ovary, its site of formation being elsewhere (13). 
The passage of large molecules from plasma to yolk during egg formation 
seems possible from anatomical considerations (14). The yolk of the avian 


ee is formed in the ovary, the yolk being enveloped by follicular epi- 


thelium. Although it is possible that the follicular epithelium plays a syn- 


thetic réle, it seems likely that not all of the yolk volume is synthesized 
| there because of volume-rate considerations (15). 


The precipitate of Method A, described above, is of a composition which 
indicates its relationship to the lipovitellenin of Fevold and Lausten (5). 
Since no reports of the homogeneity of either lipovitellin or lipovitellenin 
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have been seen, it is difficult to come to conclusions about the identity of 
the precipitate of Method A with lipovitellenin. Although the amounts 
of alcohol-extractable substances and nitrogen are not far from those re- 
ported for lipovitellenin, the phosphorus and sulfur values (in per cent) 
are somewhat different. 


N P 8 Alcobol-extracted 
Lipovitellenin (Fevold and pide 
Lausten (5))................ 9.9-10.2 1.5-1.7 0.59-0.61 36-41 
Ppt. by Method A........... 9.51 1.16 0.45 39 
SUMMARY 


1. Clear preparations of the livetin fraction of the yolk of hen’s eggs 
were produced when the extraction with ether was adequate. Electro- 
phoretic examination of this material at pH 7.95 revealed three principal 


2. When the dissolved ether was removed from well extracted livetin 
fractions, a precipitate appeared of a composition which suggested a lipo- 
protein containing about 39 per cent ethanol-extractable material. 

3. A method of preparation of livetin fractions which does not make use 
of ether was worked out. Dialysis and adjustment of salt content and pH 
were employed. Electrophoretic examination of this material gave results 
similar to those with livetin fractions prepared by ether extraction. 

4. Electrophoretic analyses of hen plasma, egg white, and allantoic fluid 
were carried out under comparable conditions. The mobility of hen plasma 
albumin and two of the globulins was similar to those of the three livetin 
fraction peaks. 

5. Preliminary attempts directed toward separation of components of 
the livetin fraction by ethanol precipitation are reported. The slowest 
component by electrophoresis was obtained in a form essentially free from 
the other observed components. 
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Isotopic studies have demonstrated that glycine is used in the bio- 
synthesis of hemoglobin. Glycine has been tagged in one of three ways: 
(a) with N® in the amino group (1-3), (b) with C™ in the a-methylene 
carbon position (4), and (c) with C™ in the carboxyl group (5). When 
any of these three forms of glycine is fed to animals, the isotope is in- 
corporated into hemoglobin, but interesting differences have been observed 
in the distribution of the isotope between the pigment and protein portions 
of the molecule. For instance, Shemin and Rittenberg, using glycine 
labeled with N", found greater concentrations of the heavy nitrogen in 
hemin than in red blood cell protein (2). Similarly, Altman and his 
associates Observed that when the methylene carbon of glycine is tagged 7 
tonearly 10 times as much C™ appear in hemoglobin protoporphyrin as in 
globin (4). On the other hand, recent observations in this laboratory 
have shown that when glycine containing C™ in the carboxyl group is 
administered the radioactive carbon is synthesized into globin but cannot 
be demonstrated in protoporphyrin (5). 

The experiments to be described in this report were designed (1) to 
confirm the demonstration that the carboxyl carbon of glycine is used for 
the biosynthesis of globin but not protoporphyrin, (2) to determine whether 
globin within the red cell participates in protein interchange, and (3) to 
discover whether coproporphyrin [ isolated from the urine and feces after 
the tagged glycine was fed would contain C™ even if the hemoglobin pro- 
toporphyrin did not. 


Materials and Methods 
Two healthy dogs and one rat were fed glycine tagged with C™ in the 
carboxyl group.' 
Dog I, male, weighed 12 kilos. By removing 150 to 200 ml. of blood 
irom the femoral artery on each of several days, this animal’s packed 
* Supported by a grant from Mr. John Mosby and one established in memory of 
Mr. Nathan Greenberg. 


‘The authors are indebted to Dr. R. B. Loftfield of the Massachusetts Institute of 
Technology for the synthesis of the labeled glycine. 
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erythrocyte volume was reduced from 51 to 29 per cent. 100 mg. of the 
labeled glycine were then given by stomach tube in divided doses on 3 
successive days; the total radioactivity administered amounted to 5 x 
10’ counts per minute, assayed by a procedure described elsewhere (5, 6), 
During these 3 days, water was allowed ad libitum but all food was with. | 
held. Thereafter, the stock ration of Purina dog chow was again fed. At 
intervals until the experiment was terminated on the 153rd day, 10 nl. 
samples of blood were obtained for analysis. Crystalline protoporphyrin 
IX dimethyl] ester (7) and globin (8) were isolated for determination of 
radioactivity (5, 6). 

Dog II, female, weighed 10 kilos. The packed red blood cell volume 
was reduced from 53 to 24 per cent by serial bleeding. The labeled glycine | 
was again given by stomach tube in three divided doses within a period | 
of 27 hours; the total dose was 50 mg. and the total radioactivity amounted 
to 1.7 X 10’ counts per minute. Food was withheld during the period of 
administration. Blood was collected at intervals in 10 ml. samples as in 
the previous experiment for the same determinations, but observations 
were stopped at the end of 110 days. In addition, urine and feces were 
collected during the first 15 days following administration of the glycine 
and extracted for coproporphyrins (9). After purification and identifi- 
cation (10) coproporphyrin I was tested for radioactivity with a nucle- 
ometer.? 

One white rat weighing 100 gm. was kept on a protein-free diet (2) for 
several days and then given by stomach tube, in four divided doses over 3 
days, 200 y of the labeled glycine (total radioactivity 2.1 x 10° counts | 
per minute). 20 days later the animal was bled to death. From the 4.4 
ml. of blood obtained, crystalline protoporphyrin LX dimethyl ester was 
isolated for determination of its radioactivity. Measurement was also 
made of the radioactivity in the remaining cell protein. 

All samples were assayed without resorting to conversion to carbonate. 
Satisfactory checks were obtained in pilot experiments in which samples _ 
were assayed both as carbonate and as untreated material. All sample: 
were measured in triplicate and values reported are averages, the sprea( 
of which is included in the errors assigned. 


Results 


No radioactivity could be demonstrated in the protoporphyrin isolated , 
from the blood of any of the three animals. The activity in the globin 


? The authors are indebted to Professor A. I. Lansing, Department of Anatomy, 
Washington University School of Medicine, for permission to use the nucleometer, — 
a product of the Radiation Counter Laboratories, Chicago, Illinois. The nucle — 
ometer was calibrated with standard samples of labeled glycine assayed previously — 
with the standard, thin-walled Geiger-Miller tube (5). | 
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be obtained from the dogs was at a maximum on the Ist day determinations 
9 were performed, the 23rd and 13th days, respectively (Fig. 1 and Table 1). 
x The concentration remained relatively constant for 77 days in Dog | and 
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Fig. 1. Radioactivity in globin prepared from blood of Dog I after oral adminis- 
for tration of glycine tagged with C'* in the carboxy] position. A represents half the 
3 period required for half the cells to die. 


TaB_Le | 

4. Radioactivity in Hemoglobin Protoporphyrin and Globin of Dog Il after Oral 

was Administration of Glycine Containing C™ in Carboryl Group 

- Radioactivity, counts per min. per mg. in 

ate. Protoporphyrin LX dimethy] ester Globin 

ples days 

ples 13 <0.1 : 11.2 + 0.6 

read | 33 <0.1 | 10.1 + 0.5 
47 <0.1 11.7 + 0.4 
66 <0.1 9.5+ 0.5 
80 <0.1 3.9 + 0.1 
93 <0.) 3.7 +/0.2 

ated 110 <0.1 3.2 + 0.2 

obin 


omy, until about the 66th day in Dog II. Thereafter, the radioactivity fell 
| rather abruptly to low levels. In Fig. 1 are plotted the results obtained 
sty _ 1% Dog I. When mathematical analysis of this curve was made in the 

_ Manner described by Shemin and Rittenberg (2) to estimate the average 
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survival time of red blood cells of the dog, a figure of 95 + 5 days was 
obtained. The period in which half of the red cells was destroyed ex- 
tended from the 85th to the 105th day, as shown in Fig. 1. The average 
survival time of the red blood cells for Dog II, determined in the same 
manner, was 75 + 5days. The cell protein from 4.6 ml. of the rat’s blood 
contained 1.5 + 0.5 counts per minute per mg., a value reasonably close 
to that to be expected from the initial dose of glycine administered, in 
light of the experience with uptake into globin in the dogs. 

From the urine and feces collected for 15 days following the last adminis- 
tration of glycine to Dog II, 310 y of crystalline coproporphyrin IT tetra- 
methyl ester were isolated. No radioactivity was observed. 


DISCUSSION 


These results confirm the previous demonstration that in the bio- 
synthesis of hemoglobin the carboxyl carbon of glycine is incorporated into 
globin but not into protoporphyrin. Since other work has shown that 
both the amino nitrogen (1-3) and the methylene carbon (4) of glycine 
are introduced into protoporphyrin during its formation, it would appear 
that only the group of glycine becomes a part of proto- 
porphyrin. If the whole of the glycine molecule is involved in the synthesis 
of protoporphyrin, CO, from the carboxyl group must be split off in the 
process. 

On the other hand, since the amino nitrogen (2) and the methylene 
carbon (4) atoms as well as the carboxy] carbon are incorporated into globin, 
it seems likely that glycine as a whole is utilized for globin synthesis. 
The data available do not permit any conclusion as to whether CO, de- 
tached from glycine can be used for globin formation (11). 

When the radioactivity of globin is plotted against time, the shape of 
the resulting curve is very similar to that obtained for protoporphyrin 
when the concentration of N" is plotted against time (2). This result 
indicates that the globin of intact erythrocytes remains in the red cells 
without participating in protein interchange until the erythrocyte 1s 
destroyed. 

The radioactivity of the globin fraction did not fall off with time to as 
low a value as might be expected on the basis that C™ from degraded 
globin was not reutilized for globin synthesis. Insufficient data are at 
hand to decide to what extent such reutilization occurred. It seems un- 
likely, however, that simple reutilization of glycine from degraded globin 
can be reconciled with results such as those shown in Fig. 1. Miller, 
Robscheit-Robbins, and Whipple have reported evidence indicating that 
globin contributes to the “protein pool” of the body, and that this “protein 
pool” in turn is used for the formation of new hemoglobin (12). When 
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hemoglobin is injected intraperitoneally into dogs made both anemic and 
hypoproteinemic, new hemoglobin is formed. The conditions of these 
experiments, however, were quite different from those reported in the 
present paper. The two dogs used were not anemic at the conclusion of 
the experiment and had been fed a stock ration known to be nutritionally 
adequate. 

The average times of survival of the red cells in Dogs I and II, as measured 
by the curves of radioactivity in globin, were 95 + 5 days and 75 + 5 
days, respectively. Hawkins and Whipple estimated the life span of 
dog red cells to be about 124 days (13). These workers forced great 
numbers of new red cells into the circulation of four bile fistula dogs by 
blood destruction or blood withdrawal; as a consequence, the bile pigment 
output fell and did not rise again for 112 to 133 days. This interval was 
regarded as an indication of the survival time for the red cells. No 
conclusion is drawn regarding the difference between these figures and the 
ones calculated from the globin curves. More observations would be nec- 
esary to establish a more accurate average figure and the expected limits 
of variation. 

Since available evidence indicates that coproporphyrin I is formed as a 
by-product during the synthesis of protoporphyrin IX (type III) for hemo- 
globin formation, and since hemoglobin protoporphyrin did not assimilate 
any radioactivity from the C™ of the carboxyl-tagged glycine, it is not sur- 
prising that the coproporphyrin I isolated from Dog II likewise possessed 
no radioactivity. Other experiments, furthermore, have shown that when 


_ coproporphyrin I is isolated from the feces of an animal fed glycine tagged 
| with N® the fecal coproporphyrin I as well as hemoglobin protoporphyrin 


IX (type III) contains heavy nitrogen in relatively high concentration (14). 
These results provide additional evidence in favor of the hypothesis that 
coproporphyrin I is a by-product of protoporphyrin LX formation. 


SUMMARY 


1. In the biosynthesis of hemoglobin, the carboxyl carbon is incorpo- 
rated into globin but not into protoporphyrin. 

2. Globin within the intact erythrocyte does not participate in protein 
interchange. No evidence was obtained to indicate that the C™ derived 
fom the carboxyl carbon of glycine and synthesized into globin was re- 
utilized for hemoglobin formation. 

3. Coproporphyrin [ isolated from the feces of one animal during a 15 
day period, following the administration of carboxyl-tagged glycine, con- 
lained no radioactivity. Reference was made to other experiments in 
which coproporphyrin I was isolated from the feces of an animal fed N¥- 
lagged glycine; both the fecal coproporphyrin I and the hemoglobin proto- 
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porphyrin IX (type III) contained the isotope. These observations sup- 
port the concept that coproporphyrin I is a by-product of protoporphyrin 
IX formation. 
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CHEMICAL PREPARATION OF HOMOGENTISIC ACID* 


By LYNN DeFORREST ABBOTT, Jr., anp J. DOYLE SMITH 
(From the Department of Biochemistry, Medical College of Virginia, Richmond) 


(Received for publication, January 14, 1949) 


Homogentisic acid (2,5-dihydroxyphenylacetic acid), an important in- 
termediate in the metabolism of tyrosine and phenylalanine, is not readily 
available, nor does a survey of the literature reveal a convenient method 
for its chemical preparation. 

The syntheses of Baumann and Frinkel (1), Osborne (2), and Neubauer 
and Flatow (3), although useful as proof of structure, are not suitable as 
preparative methods. Hahn and Stenner (4) developed a synthesis based 
on the ozonization of dibenzoylallylhydroquinone which yielded homo- 
gentisic acid from hydroquinone in six steps with a 26 per cent yield. In 
the course of studies on the reactions of ketene diethyl acetal, McElvain 
and Cohen (5) noted that acid hydrolysis of the reaction product of benzo- 
quinone with ketene acetal yielded homogentisic acid. The procedures 
involved in these two methods make their use inconvenient as preparative 
methods in most laboratories. 

Recent developments in the application of the Willgerodt reaction to the 
synthesis of arylacetic acids from aryl methyl ketones (6, 7) and the com- 
mercial availability of the dimethyl] ether of hydroquinone! make feasible 
the synthesis of the dimethyl ether of homogentisic acid (2 ,5-dimethoxy- 
phenylacetic acid) from 2,5-dimethoxyacetophenone. Hvydriodiec acid, 
or hydriodic acid and red phosphorus, has been used previously to de- 
methylate the dimethyl ether of homogentisic acid (1, 2). Although this 
reagent does bring about demethylation of this ether, its use in our hands 
has been unsatisfactory. We have found 2,5-dimethoxyphenylacetic acid 
to be easily demethylated with 48 per cent hydrobromic acid, a reagent 
which has been used to demethylate guaiacol (8). ‘The desired product 
was thus obtained readily in good yield and in good condition. 


EXPERIMENTAL 


2,5-Dimethoxyacetophenone—This compound has been prepared pre- 
viously by Klages (9) and by Kauffmann and Beisswenger (10) by the 
Friedel-Crafts reaction in yields of about 50 per cent. As our procedure 


* A brief report of this work was made at the Twenty-sixth annual meeting of the 
Virginia Academy of Science, Roanoke, May 7, 1948. 
‘Obtained from the Tennessee Eastman Corporation, Kingsport, Tennessee. 
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has been found to give the desired compound in greater yield, we are pre- 
senting its preparation in detail. 

A mixture of 150 ml. of dry carbon disulfide and 86 gm. (0.64 mole) of 
anhydrous, powdered aluminum chloride was cooled to 5° in a 1 liter, 3- 
necked flask equipped with a motor stirrer, reflux condenser, and dropping 
funnel. A cooled solution consisting of 44 gm. (0.56 mole) of acety! 
chloride, 150 ml. of dry carbon disulfide, and 68 gm. (0.49 mole) of 1,4. 
dimethoxybenzene was added from the dropping funnel to the aluminum 
chloride with stirring, during the course of 14 hours, in a hood. The mix- 
ture was stirred at 5° for an additional 3 hours, and then allowed to warm 
up and remain at room temperature for 17 hours. ‘The stiff, red tar was 
hydrolyzed with a mixture of 40 ml. of concentrated hydrochloric acid and 
1200 ml. of crushed ice. The carbon disulfide layer was separated, and the 
water layer extracted once with 100 ml. of carbon disulfide. The combined 
carbon disulfide layers were treated twice with dilute sodium hydroxide, 
once with water, and then with anhydrous calcium chloride to dry. The 
carbon disulfide was removed by distillation on a steam bath and the resi- 
due distilled in two fractions at 10 mm. pressure. The first fraction, con- 
sisting of unchanged dimethoxybenzene and some dimethoxyacetophenone, 
distilled at 95-140° and weighed 10 gm. The second fraction of nearly 
pure dimethoxyacetophenone distilled at 141-144° and weighed 61 gm. (69 
per cent of the theoretical yield or 81 per cent based on unrecovered di- 
methoxybenzene). This material was used in the following step. Use of 
the undistilled dimethoxyacetophenone is practicable but necessitates more 
elaborate purification of the dimethoxyphenylacetic acid. 

2 ,5-Dimethoxyphenylacetic Acid—The procedure of Schwenk and Bloch 
(7) has been modified so that the yield was increased from 28 to 64 per cent. 

A mixture of 57 gm. (0.32 mole) of 2,5-dimethoxyacetophenone, 15.5 
gm. (0.48 mole) of sulfur, and 42 gm. (0.48 mole) of morpholine was placed 
in a 1 liter round bottom flask and refluxed in a hood for 7 hours. The mix- 
ture was cooled to room temperature and 240 ml. of 95 per cent ethanol and 
105 ml. of 50 per cent sodium hydroxide were added. After this mixture 
had been refluxed for 45 heurs, the ethanol was removed by distillation and 
200 ml. of water were added to the warm mixture. This mixture was 
heated to boiling, and the excess sulfur filtered off. After being cooled, the 
filtrate was placed in an efficient hood (or out of doors) and concentrated 
hydrochloric acid (about 220 ml.) was added, slowly and with constant 
stirring, until the filtrate was acid to Congo red paper. The mixture was 
then cooled overnight at 5° and the precipitated acid was collected by fil- 
tration. The crude acid was purified by dissolving it in about 2 liters of 
boiling water, treating with Darco, filtering, and cooling overnight at 5. | 
The cream-colored acid weighed 40 gm. (64 per cent), melted at 121-123", — 
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and was used in the following step without further purification. An addi- 
tional recrystallization from water gave pure white needles melting at 123- 
124°.2 

Homogentisic Acid and Its Lactone—Demethylation of 2 ,5-dimethoxy- 
phenylacetic acid with HBr yielded mixtures of the lactone and the free 
acid, as did demethylation with HI. We have used conditions giving pre- 
dominantly the lactone, which can be readily purified. Addition of NaOH 
in the presence of Na.SO,; allowed opening of the lactone ring without 
occurrence of the intense darkening and rapid oxidation of homogentisic 
acid which took place when the lactone was converted in the presence of 
air with alkali alone. 

10 gm. of 2,5-dimethoxyphenylacetic acid and 75 mil. of 48 per cent 
hydrobromic acid* were refluxed gently (in a hood) for 4 hours. The dark 
solution was then evaporated to dryness in vacuo on a boiling water bath. 
The residue was washed once with chloroform to remove traces of un- 
changed starting material.‘ The deeply colored lactone was then dissolved 
in about 400 to 500 ml. of boiling water, treated at the boiling point with 
about 1 gm. of decolorizing charcoal (Darco), and filtered hot. To the 
warm filtrate, which was almost colorless, 2 gm. of Na,SO,; (anhydrous, 
Merck reagent) were added for each 100 ml. of filtrate. The solution was 
made distinctly alkaline to litmus (pH 10 with Fisher Alkacid test paper) 
with 10 per cent NaOH. After stirring and standing for about 5 minutes 
to insure complete conversion of the lactone, the solution was cooled to 
room temperature and made definitely acid to Congo red paper (pH 2 
with Alkacid paper) with 10 per cent H.SO,. The solution was then con- 
centrated in vacuo on a warm water bath to about 50 ml. Any precipitated 
material was redissolved with a minimal amount of water and the cooled 
solution, which should be acid to Congo red, was subjected to a 9 hour con- 
tinuous extraction with peroxide-free ether. The ether was removed under 
reduced pressure. Homogentisic acid obtained in this way was light tan, 
melted at 146-148°, and weighed 8 gm. (93 per cent). 

Additional purification was obtained by recrystallization in the following 
manner. ‘The product above was dissolved in a small amount of hot ab- 
solute alcohol, and 75 to 100 ml. of a (1:1) chloroform-petroleum ether 


* Melting points reported in this paper are uncorrected. 

* Baker’s, c. p., was used without purification. 

_ ‘Although deeply colored, the residue was almost pure lactone, as indicated by 
its melting point (185-187°, literature 189-190°), and represented almost complete 
conversion of the dimethyl ether. 

‘If the pure lactone is desired, it may be obtained by cooling the decolorized fil- 
trate. The pure white lactone (m.p. 188-189°) crystallized in 69 per cent of the theo- 
retical yield from such filtrates on cooling and can be readily recrystallized further 
from boiling water if necessary. 
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mixture were added. The solution was filtered free of any insoluble ma- 
terial while warm and still c ear. More petroleum ether-chloroform mix. 
ture was then added to the warm filtrate until slightly turbid. On cooling, 
4.3 gm. (50 per cent) of a white product, m.p. 148-149°, were obtained. 
Colored material remained i): the filtrate. From this filtrate an additional 
1.3 gm. (15 per cent) melting in the same range, but slightly off white in 
color, were obtained by the further addition of chloroform-petroleum ether. 
An additional 1 gm. (11.8 per cent) of slightly less pure material (m.p. 146- 
148°) was obtained by concentration of the filtrate and addition of chloro- 
form-petroleum ether. 

No depression of the melting point was observed when the synthetic 
preparation was mixed with homogentisic acid isolated from the urine of 
human alkaptonuria (11) or from the urine of rats made alkaptonuric ex- 
perimentally (12). 


SUMMARY 


1. A three-step chemical preparation of homogentisic acid in good yield 
is described. 

2. 2,5-Dimethoxyacetophenone was prepared from 1 ,4-dimethoxyben- 
zene and was converted to 2,5-dimethoxyphenylacetic acid which was de- 
methylated with hydrobromic acid. 

3. The lactone of homogentisic acid may be isolated as an intermediate 
if desired. 
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PHYSICOCHEMICAL STUDIES ON LYMPH AND LYMPHOCYTE 
EXTRACTS FROM NORMAL AND STIMULATED 
LYMPHATIC TISSUE* 


By T. N. HARRIS, DAN H. MOORE, anno MIRIAM FARBER 
(From the Children’s Hospital of Philadelphia (Department of Pediatrics), School of 
Medicine, University of Pennsylvania, Philadelphia, and the Electrophoresis Labora- 
tory, College of Physicians and Surgeons, Columbia University, New York) 


(Received for publication, January 26, 1949) 


Ehrich and Harris (1) have demonstrated that, following the injection 
of antigen into the feet of rabbits, extracts of popliteal lymph nodes and 
the lymph emerging from them contained antibodies earlier and in concen- 
trations higher than in the blood serum, and they suggested that the local 
lymphatic system was the site of formation of those antibodies. Further 
study (2) showed that the lymphocytes contained in the lymph were 
richer in antibody than was the lymph plasma surrounding them, especially 
at the time of the greatest rate of formation of antibodies. The evidence 
presented was consonant with the concept that the lymphocyte may be 
the site of final synthesis of antibodies following the injection of antigens 
into the tissues. 

At the same time, Dougherty, Chase, and White (3), in an adaptation 
of the work of McMaster and Hudack (4), showed that following the 
subcutaneous injection of an antigen into the mouse a lymphocyte-rich 
cell suspension prepared from pooled spleens and lymph nodes of those 
animals contained antibodies to the antigens injected. 

The present paper reports electrophoretic and ultracentrifugal studies 
on lymph and lymphocyte extracts from rabbit lymph nodes both before 
and 5 days after injection of antigen into tissue drained by that node. 


EXPERIMENTAL 


Chinchilla rabbits weighing about 2000 gm. were injected in each hind 
foot-pad with 0.2 cc. of a 5 per cent suspension of killed dysentery organ- 
isms (Shigella paradysenteriae). After 5 days the animals were anes- 
thetized by the injection of sodium amytal. An incision was made on the 
medial aspect of the knee, the semitendinosus and semimembranosus 
muscles divided, and the efferent lymphatic vessel of the popliteal lymph 
node was exposed. A ligature was placed around the vessel and as much 
lymph as possible was drawn from it into a tuberculin syringe moistened 


* This study was aided by a grant from the Commonwealth Fund. 
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with a solution of sodium citrate. The lymph thus collected was freed of 
lymphocytes by centrifugation and stored in the frozen state. 

The popliteal lymph nodes were then excised and used for the preparation 
of lymphocyte extracts as follows: For preparing lymphocytes the lymph 
nodes were minced in saline solution and the coarser particles were removed 
by slow centrifugation. The supernatant was then passed through a No. 
30 stainless steel mesh to free the lymphocytes. The latter were collected 
by differential centrifugation from this suspension. The final sediment 
of clumps of cells from the node was suspended in 4 volumes of saline 
solution and the suspension was alternately frozen and thawed three times, 
at —70° and 30° respectively, or was thoroughly ground in a mortar. 
A final centrifugation was performed to clear the suspensions of insoluble 
débris. This extract of lymphocytes was kept in the refrigerator with a 
bacteriostatic agent (merthiolate, 1:10,000) until it was studied, since 
freezing or desiccation from the frozen state caused considerable precipi- 
tation. 

The individual specimens of lymph and lymph node extracts were in- 
sufficient in volume for physicochemical study. Accordingly, the speci- 
mens examined by electrophoresis and ultracentrifugation were pooled 
from several animals. 

Before these analyses all samples were dialyzed against a buffer of 0.02 
mM with respect to sodium phosphate and 0.15 m with respect to NaCl at 
pH 7.4. 

The electrophoretic experiments were carried out in the Tiselius ap- 
paratus in a cell of 2 cv. capacity. Occasionally separated samples were 
removed for ultracentrifugal analysis. Sedimentation constants were de 
termined in an air-driven vacuum ultracentrifuge (5), the sedimenting 
boundaries being recorded by the scanning method of Longsworth (6). 
The analyses were made at room temperature which was always 20°. 
Since the temperature of the rotor spinning at 48,000 R.p.m. rose about 
1.2° per hour, it was possible to estimate the average temperature over 
any desired time interval during a run. All values of sedimentation 
constants were reduced to conditions of pure water at 20°. 


Results 


The difference between efferent clarified lymph from popliteal nodes of 
normal rabbits and that from popliteal nodes excised 5 days after injection 
into the foot-pad of 0.2 cc. of 5 per cent suspension of killed dysentery 
organisms is illustrated in the electrophoretic patterns of Fig. 1. After 
the injection of antigen the lymph produced a total pattern area (Table I) 
which was more than 3 times that for the normal, and corresponded to 4 
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protein concentration of approximately 2 gm. per cent. All of the com- 
ponents in the lymph obtained from animals which had been injected with 
antigen were larger in about the same proportions, as is seen from the per- 
centage values recorded in Table I, except that Component 3 is relatively 
larger and Component 6 (with the mobility of y-globulin) is relatively 
smaller. 

Electrophoretic patterns of extracts of lymphocytes from two pools of 
normal popliteal nodes and from two pools of popliteal nodes draining the 
site of injection of antigen are shown in Fig. 2. There is much more protein 
per node and also an extra component of higher mobility (see Table I) in 
the extract of lymphocytes from stimulated animals, but the elevation is 
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Fic. 1. Electrophoretic patterns of efferent lymph from normal popliteal nodes 
and from similar nodes after antigenic stimulation. The patterns are of the de- 
scending limb after 6.5 volts per cm. were applied 135 and 180 minutes respectively. 
The numbers refer to the components. 


least in the component having a mobility of serum y-globulin. This is in 
agreement with the published patterns of White and Dougherty (7) on 
normal animals and those injected with adrenal cortical steroids. 

In the ultracentrifuge the normal lymphocyte extract appeared mono- 
dispersed (Fig. 3) and had a sedimentation constant of 4.7 Svedberg units. 
The extract from cells of stimulated nodes had a sedimentation constant 
of 3.6 Svedberg units, with a ‘race of material having sedimentation con- 
stants of about 5.3 Svedberg units. Component 6 (see Fig. 4), which was _ 
eectrophoretically separated from clarified lymph 5 days after the intro- 
duction of antigen into the animal had a sedimentation constant of 7.0, 
which is the same as that of serum y-globulin. No component with the 
sedimentation constant of serum y-globulin was obtainable, however, 
from lymphocytes themselves, and in this respect we are not able to con- 


if 
h 
0. 
nt 
ne 
iT. 
ice 
pi- 
in- 
led 
.02 
at 
ere 
de | 
Ling 
(6). 
20°. 
yout 
over 
tion 
os of 
*ti0n 
\tery | 
After 
le 
to 4 


Antigenically Stimulated Rabbits 


I 
Electrophoretic Data on Lymph and Lymphocyte Extracts from Normal and 


Component No. 8 
Specimen R is 
mg. 
Lymph, normal | Compositiont 200 15 | 20 10 10 35 290 
%t 69 6.9 6.9 3.4 3.4 12.1 
Mobilities§ 5.1) 4.4 2.81.6 0.5 | 
| 
Lymph after Composition 705 40 | 85 BD 90 990 768 
stimulation % 71.2 4.0, 8.6, 2.0 5.1, 9.1 
Mobilities 4.7/3.4 2.9'2.7 1.5 0.3 | 
Lymphocyte Composition 75 260 85 420) 105) 10, 
Extract 1, % 18 62 20 
normal Mobilities 5.0 3.4 0.5 
Lymphocyte Composition 75 255 70 156, 8 
Extract 2, % 19 63 18 | 
normal Mobilities | 5.0 7 0.5, | 
Lymphocyte | Composition; | 20 55 | 50 125 85) 16 
Extract 3, % 16 | 44 40 | | 
normal Mobilities 4.4 | 3.4 | 0.6, 
| | 
Lymphocyte Composition 40 | 75 290 | 115 (520 684 6 1024 
Extract 1, | % 8 i 56 22 | 
after stimu- | Mobilities 6.8 5.1 3.5 0.5 
lation 
Lymphocyte | Composition |85 |100 280 | 75 |545 716) 62048 
Extract 2, % 16 | 18 52 14 
after stimu- | Mobilities 6.3 4.7 3.4 0.5 
lation | | 
Lymphocyte Composition '70 | 45 165 60 (340 “S 6 2048 
Extract 3, % 21 | 13 48 18 | 
after stimu- | Mobilities 5.6, 4.3) 3.5 0.1 
lation 
Normal serum | % 70 | 6 12 12 
Mobilities 5.4/4.2 | 3.0 | 0.9) 


* The agglutinin titer is here given as an indicator of the concentration of the 


antibodies to one of the antigens of the dysentery organism. No measure of the 
total antibodies in the cell extract was available because of the nature of the antige®. 
+ Composition in planimeter units. 
t Per cent of total area. 
§ The mobilities are given in units of 10-* sq. cm. per volt-second. All comp — 


nents are anodic. 
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Fic. 2. Electrophoretic patterns of lymphocyte extract from nodes of normal and 


antigenically stimulated animals. Sets 1 and 2 show the variation in type of pat- 
/ terns obtained. The numbers on Set 1 refer to the components. 


75 MIN 95MIN 60MIN 1I20MIN 
Fig. 3. Ultracentrifuge patterns of normal (left-hand) and stimulated (right- 
| hand) lymphocyte extracts. The arrow butts indicate positions of the menisci. 


h 2048 Speed, 48,000 n.p.m.; radius to the left reference line (white) 5.71 cm.; to the right 
reference line 7.29 cm. 
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ompoe Fig. 4. Ultracentrifuge patterns of electrophoretically separated slow fraction 
“stimulated”? lymph. Speed, 48,000 
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firm the assumption of Dougherty et al. (3) that the component with low 
electrophoretic mobility in lymphocyte extracts is identical with serum 
y-globulin. 


DISCUSSION 


On comparing the electrophoretic patterns of lymph which has passed 
through normal and stimulated popliteal nodes, the characteristic finding 
would appear to be that all the components of lymph draining the site of 
deposition of antigen are found also in normal lymph, and except for total 
concentration differences, both materials closely resemble serum. The 
first question to be answered was whether the difference between the two 
fluids was due to an influx of blood serum into the lymphatic system. No 
experiments were performed to decide this point in the present study, since 
data obtained in earlier investigations could be used to show that the in- 
creased concentration of the components in lymph after the injection of 
antigen was not due to serum appearing in the latter. In those studies 
(1, 8) serologically different antigens had been injected into the opposite 
legs of rabbits, and at intervals thereafter the lymph of each leg was tested 
for antibodies not only to the antigen injected into that leg but to the anti- 
gen injected into the opposite leg as well. Simultaneous tests were made 
of antibody titers in the serum. The titer in each lymph sample to the 
heterologous antigen was never more than one-tenth that found to the 
same antigen in the serum. If we apply these data to serum proteins in 
general, it is possible to say that no more than 10 per cent of the constitu- 
ents of lymph could be due to the inclusion of blood serum. Since the 
concentration of protein found in the lymph draining the site of antigen 
inoculation is approximately one-third that found in rabbit serum, it 
follows that at most only a small part of the proteins found in ‘‘stimulated” 
lymph, in excess of those found in normal lymph, could have resulted from 
the admixing of whole blood serum. 

Attempts to determine the amount of antibody present in the lymph and 
lymphocyte extracts 5 days after the injection of antigen were not success- 
ful because the choice of so complex an antigen as a bacterial cell made 
quantitative measurements of the total antibody impossible. Of the 
several individual antibodies to antigens of the dysentery organism only 
two were measured, the agglutinin (9) and complement-fixing antibody to 
cytoplasmic particles of the organism (10). The quantities of both of 
these antibodies were estimated to be below the sensitivity of either electro 
phoretic or ultracentrifugal analysis. 

As to the component with the mobility of albumin, some of the increase 
in this component over that found in normal lymph, probably about 4 
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fifth, is due to serum proteins. The remainder must be due to proteins 
which are the products of tissue destruction due to inflammation at the 
site of injection of the antigen. The rough similarity of the ratio of in- 
crease in the albumin-like to globulin-like components in stimulated lymph 
compared with the ratio of albumin to globulins in the blood serum may 
well be coincidental. 

The electrophoretic data on extracts from washed lymphocytes show that 
the changes resulting from stimulation occur essentially in the components 
with higher mobilities and that there is little change in the component 
having the same mobility, 0.6 to 0.7 X 10-5 sq. cm. per volt-second, but 
not the same sedimentation constant of serum y-globulin. White and 
Dougherty (7) have shown that there is a component in lymphoid tissue 
extracts with a mobility greater than that of serum albumin, which is 
greatly increased after the injection of adrenal cortical steroids (see (7) 
Fig. 1). The component with the same mobility as y-globulin, however, 
does not appear to be increased in their records. In view of the fact that 
all antibodies described thus far have mobilities identical to that of serum 
y-globulin (or similar to it, as in the case of the T component), it is evident 
that phenomena other than the production of protein with the same 
mobility as serum y-globulin are occurring in lymphoid cells of nodes 
draining the site of injection of antigen. This view is consistent with the 
fact that no material having the sedimentation constant of serum y-globulin 
is found in either normal or antigenically stimulated lymphocyte extracts, 
although there is a marked increase in the total protein (pattern area) 
after stimulation (Fig. 3). The low sedimentation constant of the anti- 
body-containing lymphocyte extract would indicate that after the injection 
_ ofantigenic materials there appears in the draining lymph node a signifi- 
cant amount of a substance either of low molecular weight, or of low density, 
such as lipoprotein. This material may be non-specific or may be a pre- 

cursor to serum antibody, since its physical properties are different from 
_ those of serum y-globulin.' The component with the mobility of y-globu- 
lin found in lymph from antigenically stimulated popliteal nodes does 
have, however, the same sedimentation constant as does serum y-globulin 
7.0 X 10- em. per second per unit field). Moreover, since this com- 
ponent in lymph, along with the others, is elevated by stimulation, it is 
possible that lymphocytes in the course of normal lysis in the lymph node 
would liberate serum y-globulin as we know it, whereas on artificial lysis 
proteins having different physical properties might be found. 


‘Many unrelated substances, such as pepsin digests of serum albumin or ragweed 
pollen extracts, behave electrophoretically as y-globulin in the pH range usually 


‘employed. 
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SUMMARY 


Saline extracts of lymphocytes, obtained from popliteal (regional) lymph 
nodes 5 days after the injection of killed dysentery organisms into the 
hind feet of rabbits, have been compared electrophoretically and in the 
ultracentrifuge with lymphocytes from uninjected legs. Components with 
higher mobilities were increased after the injection of the antigen, whereas 
the component with mobility similar to y-globulin was not significantly 
increased. Inthe ultracentrifuge only components with sedimentation con- 
stants much lower than that of serum y-globulin were found in either of 
the cell extracts. 

Efferent lymph collected from the popliteal lymphatic system after the 
injection of the antigen showed an increase in all components over the 
normal. The y-globulin electrophoretically separated from such lymph 
had the same sedimentation constant as the y-globulin in blood serum. 


It is a pleasure to acknowledge the most valuable technical assistance of 
Melba Costello and Trudy Schonberger. 
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OCCURRENCE OF HYALURONIDASE INHIBITORS IN 
FRACTIONS OF ELECTROPHORETICALLY 
SEPARATED SERUM* 


By DAN H. MOORE anp T. N. HARRIS 


(From the Electrophoresis Laboratory, College of Physicians and Surgeons, Columbia 
University, New York, and the Children’s Hospital of Philadelphia (Department 
of Pediatrics), School of Medicine, University of Pennsylvania, Philadelphia) 


(Received for publication, February 1, 1949) 


An inhibitor to the action of hyaluronidase obtained from bovine testis 
has recently been described in human sera, and has been found to be asso- 
ciated with electrophoretically separated albumin (1). Another inhibitor 
of hyaluronidase has been described recently which inhibits streptococcal 
hyaluronidase and which gives evidence of being a true neutralizing anti- 
body (2-4). Because of differences suggested between the natures of these 
two inhibitors by the studies referred to, the present study was undertaken 
to compare the antihyaluronidase activity found in electrophoretically 


separated samples of human serum when assayed with streptococcal and 
testicular hyaluronidase. 


Methods and Materials 


Sera were obtained from four normal subjects and from two patients with 
acute rheumatic fever. Electrophoresis of undiluted samples of fresh se- 
rum which had been dialyzed against Longsworth’s barbiturate buffer at 
pH 8.6 yielded concentration gradients in the cell similar to those illustrated 
in Fig. 1. At the end of each run samples were removed from levels indi- 
eated by the horizontal dashed lines, and assayed by the mucin clot method. 

The technique employed for the measurement of antihyaluronidase has 
been fully described elsewhere (4). In brief, it involves incubation of 
various dilutions of the serum or its fractions with a standard amount of 
hyaluronidase, and then as measurement of the residual, unneutralized 
enzyme. The latter is measured by its ability to depolymerize native 
hyaluronate to a degree such that the depolymerized substrate fails to 
demonstrate a property of the native hyaluronate; 7.e., the formation of a 
mucin-like clot on addition of acetic acid and protein. 

Specimens of original sera and their fractions were tested for inhibition of 
hyaluronidase of both streptococcal and testicular origin. The strepto- 
coccal enzyme was prepared by concentration of a filtrate obtained after 


*This study was aided by grants from the Life Insurance Medical Research 
Fund and the Helen Hay Whitney Foundation. 
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cultivation, in a protein-free bacteriologic medium, of a strain of group A 
hemolytic streptococci, selected for its ability to produce hyaluronidase 


DESCENDING 


> 


; 

in| 

CONCENTRATION ZI] CONCENTRATION 


Fic. 1. Schematic representation of electrophoresis cell showing the way in 
which serum fractions were recovered at the end of arun. Positions of components 
and the way their concentrations vary throughout the cell are indicated. Buffer 
ion concentration is designated by t. Descending and ascending electrophoretic 
patterns which are a measure of the slope of the enveloping concentration curve or 
the change in total concentration (refractivity) throughout the cell are illustrated 
by the dotted curves. 


TaBLe I 


Occurrence of Streptococcal Antihyaluronidase in Fractions of Sera of Two Patients 
with Acute Rheumatic Fever 


Subject IT 


Fraction Subject I 
| per ml. unite tor al. 
A. <5 <5 
+ ay <5 <5 
+ ae <5 <5 
Y 960 1280 
“+6 960 1920 
Whole 1280 2240 


* A. represents albumin; a;, a:-globulin; a:, a2-globulin; y, y-globulin; and 3, 
@ g'obulin. 


(type 4). The testicular enzyme was generously supplied by the Wyeth 
Institute of Applied Biochemistry, Philadelphia. 
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Taste Il 
e Occurrence of Two Inhibitors of Hyaluronidase in Various Fractions of Four Specimens 
of Serum 
+ Subject Fraction® Proteint Streptococcal Testicular 
A | gm. per umils unsis 
100 ml. per mi. per em. per mi. per gm. 
bi D. M. A. 0.58 <5 0 1.9 325 
2.04 0) 1.9 93 
2.48 0 0 1.9 77 
0.77 40 | 5,200 | 0 0 
ag! “+ B 1.40 40 | 2,860 | O 0 
186 40 2,150 0 0 
Unseparated 1.0 1,000 4s 
aps T. H. A. 1.64 <5 0 3.8 228 
+- ary 2.61 0 2.5 U6 
\ 3.17 0 2.5 73 
7 1.19 | 240 | 20,000 | 0 0 
1.92 | 20 | 13,00 | 0) 
in ‘oo 4 a, 2.22 | 240 | 11,000 0 0 
its Unseparated 5.0 240 4,800 2.5 W 
Ter 
tic M. ¢ A 1.35 <5 740 
OF + a; 2.62 <5 0) 6.3 23S 
ted 3.03 <5 0 6.3 207 
0.5 «6,000 0 0 
“+ g 1.2 © | 3,340 0 0 
1.65 40 | 2,490 0 0 
- Unseparated 4.0 60 | 1,500 6.3 156 
T. 8. A. 1.22 0 0 12.5 1025 
a 2.32 0 0 | 10 430 
2.93 0 0 | 6.3 213 
* 4 3.43 0 182 
0.84 30 3,570 | O 0 
1.5 40 | 2,670 | O 0 
1.77 40 | 2,260 0 0 
Unseparated 4.1 7.5 


, represents albumin; a:-glo 
d3, globulin. 


t Estimated from refractometric readings on a Zeiss interferometer. 


yeth 


Results 


60 1,460 


183 


bulin; a2, a2-globulin; 8, 8-globulin; and y, 


The first electrophoretic analyses were performed to determine the frac- 


tion which contained the inhibitor of the streptococcal enzyme mentioned 
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above. Because, in our experience, the highest known concentrations of 
this inhibitor in serum occurred in patients with acute rheumatic fever 
(3, 5), the sera of two such patients were examined. The results of these 
analyses, as shown in Table I, indicated that all of the antistreptococcal 
inhibitor occurred in the y-globulin fraction, although the original concen- 
tration of this antihyaluronidase in the serum was so high that a very smal] 
fraction of it could have been detected in other fractions, had it occurred. 
Because of this clear electrophoretic differentiation between the antites- 
ticular and antistreptococcal inhibitors, an analysis was carried out of the 
distribution of these inhibitors in the sera of four normal human subjects. 
The results of this analysis are shown in Table II. The results given show 
that, in agreement with the previous report in which the antitesticular fac- 
tor was measured viscosimetrically (1), there is little or no inhibitory ac- 
tivity in the serum fractions to testicular hyaluronidase except in those 
containing albumin. Table II shows further that only fractions containing 
y-globulin possess appreciable inhibitory action to streptococcal hyaluro- 
nidase. From the data it would appear that the purer the albumin the 
greater the antitesticular hyaluronidase activity. Thus, the fraction la- 
beled albumin actually contained less albumin per ml. than did fractions 
labeled albumin plus a-globulin or albumin plus 8-globulin, etc., as is sche- 
matically illustrated in Fig. 1, yet it possessed the highest activity. This 
statement does not hold, however, for the antistreptococcal activity of 7- 
globulin fractions, in which the inhibiting action seemed to be in proportion 
to the quantity of y-globulin irrespective of the presence of other fractions. 
In experiments on the respective fractions it was found that the inhibitor 
associated with albumin was heat-labile, being almost completely destroyed 
in 30 minutes at 56°, whereas the antistreptococcal hyaluronidase in 
y-globulin was heat-stable, losing no activity under these conditions. 


DISCUSSION 


The differences in electrophoretic migration of the two inhibitors of hyal- 
uronidase studied are so clear cut as to require nocomment. The migration 
of the antistreptococcal inhibitor with the y-globulin fraction is quite con- 
sistent with other evidence that this is a true antibody, such as the stability 
of this inhibitor to heating at 56° for 30 minutes mentioned above and 
the occurrence of this inhibitor in relation to streptococcal disease (4). On 
the other hand, it is likely that the inhibitor associated with albumin is not 
an antibody, because of its electrophoretic migration, its heat lability, and 
its disappearance from fresh serum after storage for more than a week in 
the refrigerator. It is more probably a substance which interferes with 
the action of the enzyme on its substrate. In this connection the failure 
of demonstration of the albumin-associate inhibitor when tested against the 
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streptococcal enzyme is of some interest. In the sera thus far tested the 
concentration of this inhibitor was so low when tested against testicular en- 
zyme that the negative results against streptococcal enzyme are of ques- 
tionable significance. Should exploration of sera more rich in the albumin- 
associated inhibitor bear out the results obtained thus far, it would imply 
a difference between the two enzymes and their mode of action, such that 
one of the two is susceptible to interference by this inhibitor. 

Of further interest is the fact that Fulton, Marcus, and Robinson (6) 
have reported an increase in thermolabile hyaluronidase inhibitor in the 
serum of humans with malignancies. 


SUMMARY 


The antihyaluronidase, which inhibits streptococcal hyaluronidase and 
which is found to be more concentrated in the sera of patients with strepto- 
eoecal and rheumatic infection, migrates entirely with the y-globulin of 
human sera and is thus distinct from the inhibitor of hyaluronidase de- 
sxribed by Glick and Moore, which migrates with albumin. 

Other characteristics of the two inhibitors indicate that the former is a 
tme neutralizing antibody, and that the latter is not. 
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STUDIES ON THE PHOTOCHEMISTRY OF 2-METHYL-1,4- 
NAPHTHOQUINONE* 


By ROBERT H. DAVIS, ALICE L. MATHIS, DAVID R. HOWTON, 
HERMAN SCHNEIDERMAN, ano JAMES F. MEAD 


(From the Medical School, University of California at Los Angeles) 
(Received for publication, January 31, 1949) 


It has been known since the isolation of the vitamins K that deriva- 
tives of 2-methyl-1 ,4-naphthoquinone (MNQ) are unstable to light (1-5). 
However, the exact nature of the chemical change is still under discussion 
(6,7). An interesting observation by MacCorquodale and coworkers (3) 
that the vitamin is quite stable as it exists in crude extracts, only be- 
coming labile after a fair degree of purification, has apparently gone un- 
noticed. In subsequent investigations with the purified vitamin, elaborate 
precautions have been taken to avoid exposure to light. 

In connection with an investigation in this laboratory of the metabolism 
and of the effect of x-ray irradiation’ on the vitamins K, it was found that 
physiological sodium chloride solutions of MNQ are stable even when ex- 
posed to direct sunlight for periods of up to 1 hour. Consequently, an in- 
vestigation of several substances was undertaken to determine which pro- 
tect the vitamin in solution and what limits of concentration afford pro- 
tection. 

Ewing and coworkers (5) determined the rate of decomposition of vi- 
tamin K by ultraviolet light, and from the changes in the ultraviolet 
spectra thus produced, drew conclusions as to the nature of the chemical 
changes which took place. The results of similar experiments we have 
performed with MNQ in ultraviolet light and direct sunlight are illus- 
trated in Figs. 1 and 2 respectively. Several points in these families of 
curves are of interest. 

First, it may be noticed that, aside from the greater rate of change 
produced by sunlight compared with the Hanovia lamp, there appears to be 
a qualitative difference’ in the curves which may point to some difference 
in the types of reactions involved and the products formed. 


* This report is based on work performed under contract No. AT-04-1-gen-12 with 
the Atomic Energy Commission for the University of California at Los Angeles. 
‘No change in the absorption spectrum of a 3.70 X 10~*m solution of MNQ was ob- 
served after exposure to 330 roentgens per minute for 2 hours. 
der example, the curves in Fig. 2 do not pass through the isosbestic points of 
ig. 1. 
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Second, as the group of maxima (Fig. 1) at about 250 my reduces in jp. 
tensity under ultraviolet illumination a new maximum at 228 my! appears, 
increases somewhat in intensity, and then begins to decrease. This obser. 


vation can most easily be explained as the result of consecutive reactions — 


rather than as the formation of a single product from a single reaction, as 
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OPTICAL DENSITY 


45 


A (ma) 
Fic. 1. Absorption curves showing the effect of ultraviolet radiation on 2-methyl- 
1,4-naphthoquinone in water. The readings for Curves | to 7 were taken at 0, 40,%, 
120, 160, 200, and 240 minutes respectively. 


postulated by other workers (6, 7). The nature of this change is being 
investigated further. 

As Ewing noted for vitamin Kj, isosbestic points are evident at 278 and 
235 my (Fig. 1). These points are a very convenient measure of the com- 
bined concentrations of MNQ and its decomposition products at any 
stage of the reaction. Finally, the freedom of MNQ from its decompos'- 
tion products can be determined simply by a comparison of the intensity 
of the absorption at 228 my with that at 250 mu. 


? Ewing et al. (5) apparently did not make observations in this region. 
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OPTICAL DENSITY 


220 240 246 280 
\ 


Fic. 2. Absorption curves showing the effect of sunlight on 2-methyl-1,4-naphtho- 


qinone in water. The readings for Curves | to 3 were taken at 15, 60, and 120 min- 
utes respectively. 
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Fig. 3. Effect of various anions on the decomposition of 2-methyl-1,4-naphtho- 


@inone by ultraviolet light. The readings for Curves 1 to 4 were taken on KCl, 
NaBr, NaF, and H,O solutions respectively. 


Fig. 4. Effect of chloride ion concentration on the decomposition of 2-methyl-1,4- 
taphthoquinone by ultraviolet light. The readings for Curves 1 to 3 were taken on 
KC! solutions of 0.1, 0.01, and 0.001 per cent approximately, respectively. 


In order to clarify the nature of the protective action of sodium chloride, 
the effect of sodium sulfate was determined. The observation that the 
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latter did not protect solutions of MNQ against photochemical ¢ 
indicated that chloride ion was responsible for our initial finding and 
led us to test several other anions, with the results shown in Fig. 3. Bro. 
mide ion, no less than chloride ion, is seen to afford adequate protection. 
Other anions and substances not tried in this preliminary investigation 
may, of course, also have this effect. 

Finally, the effect of chloride ion at several concentrations was de- 
termined to ascertain the lower limits affording protection. These results 
(Fig. 4) show that solutions of MNQ in 0.1 per cent KCI are quite stable. 
Even those in 0.01 per cent KCl are reasonably stable if the exposure 
to ultraviolet light is fairly short in duration. 

Since chloride ion does not absorb light appreciably in the range con- 
cerned here, and since there is no interaction between chloride ion and 
MNQ (as indicated by the identity of the absorption spectra of solutions 


of the latter in the presence or absence of chloride ion), it seems fairly — 
certain that the protection of MNQ against photochemical decomposition _ 
afforded by chloride, bromide, and (possibly) other ions is attributable to | 


inactivation by these ions of the photon-activated MNQ molecule. Among 
numerous known instances of probably analogous phenomena, the most 
familiar is the quenching of the ultraviolet fluorescence of quinine solu- 
tions by chloride ion. 

It is thought that this preliminary report may point the way to further 
investigations of the subject and also indicate a simple and inexpensive 
method of preventing the light-induced inactivation of vitamin k. 


EXPERIMENTAL 


Photochemical Decomposition of MNQ—2-Methyl-1 ,4-naphthoquinone 
(Eastman Kodak Company, White Label) was recrystallized‘ twice from 
absolute methanol, and 0.0289 gm. of the recrystallized product was dix 
solved in 20 ml. of 96 per cent redistilled ethanol and diluted with distilled 
water to 500 ml., giving a 3.34 X 10-* m solution. ‘This stock solution 
was stored in a volumetric flask and kept in a refrigerator until just prior 
to use, when it was allowed to warm to room temperature in the dark. 


The solution was stable throughout the entire period of research. 5 ml. 


of stock solution were diluted with distilled water to 50 ml., giving a dilu- 
tion of convenient optical density. ‘The absorption spectra of all solutions 
were taken on a Beckman spectrophotometer at wave-lengths from 219 
to 280 mu, with use of silica cells whose light paths were from 0.997 to 
1.002 cm. The hydrogen lamp was used as a source of illumination.’ 


‘ No change in absorption spectra was found after the first crystallization. _ 
‘It was ascertained that no destruction of MNQ occurred while the absorptios 
cell was in the instrument. 


= 


we 


| 

| 

| 
| 


S 


| 


DAVIS, MATHIS, HOWTON, SCHNEIDERMAN, AND MEAD 387 


The exposure of MNQ was carried out in an asbestos tube 69 XK 15 X 
15 em., open at both ends, which was set up in a darkened fume hood. 
The source of illumination was a Hanovia ultraviolet lamp fitted with a 
No. 5032 filter. The wave-length of emitted light was 366 mu. No 
measure Of the intensity of the radiation was made. The lamp was placed 
st the open end of the tube and masked in order to eliminate any stray 


 madiation. Cooling of the lamp housing by several jets of compressed 
_ gir was used to prevent heating the apparatus. ‘The cells containing the 
lutions to be illuminated were placed in the Beckman cell holder and 


gt in the tube, 30 em. distant from the lamp. 
After each exposure, the absorption spectrum was taken and the curves 


plotted. 


Since this procedure was rather slow for large photochemical changes, 


exposure to direct sunlight was tried. It was observed that 15 minutes 
indirect afternoon sunlight caused a greater destruction of MNQ than 
- 40 minutes exposure to the lamp. ‘The curves obtained by scanning 
the spectrum from 215 to 278 my of a water solution of MNQ, which had 


been exposed to sunlight for periods of 15 minutes, 1 hour, and 2 hours, 
are shown in Fig. 2. 

Protective Effects of Various Anions—5 ml. of 3.34 K 10-4 mM MNQ solu- 
tion were diluted to 50 ml. with 0.735 m sodium sulfate. Exposure of this 
wlution to 15 minutes of direct afternoon sunlight showed no appreciable 
protection. 

Solutions of 0.169 m KCI], NaBr, and NaF with MNQ were made up as 


} above and exposed to the ultraviolet light of the Hanovia lamp, as pre- 


viously described. The optical density of the solutions was taken at 
230 mu, giving the results illustrated in Fig. 5. 

Concentration of Chloride Ion Necessary for Protection—To determine 
the concentration of KCl necessary to afford protection against destruction 


_ € MNQ by ultraviolet light, the 0.169 m KCI solution was diluted 10:1, 
10:1, and 1000:1 to give approximately 1.69 mM, 1.69 107-3 M, 


and 1.69 X 10-4 m concentrations of chloride ion. The decrease in the 


2 my peak for various times of exposure to the Hanovia lamp source, 


_ described above, is shown by the curves in Fig. 4. 


SUMMARY 


l. Existing knowledge of the chemistry of the light-induced decomposi- 
tion of the vitamins K may be incomplete. 
2. A simple method of protecting the vitamins from this decomposition 


en without the filter produced the same rate of change in the spectra 
Q. 
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is proposed. The method consists of the addition of sodium chloride to — 
solutions of the vitamins. 
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A METHOD FOR THE DETERMINATION OF a-AMINO- 
8-HYDROXYISOVALERIC ACID 
(8-HYDROXYVALINE)* 


By CARL M. STEVENS anv PHILIP E. HALPERN 
(From the Fulmer Chemical Laboratory, State College of Washington, Pullman) 


(Received for publication, December 6, 1948) 


The possibility of the natural occurrence of a-amino-8-hydroxyisovaleric 
acid (8-hydroxyvaline) (1) has been indicated from several] sources. The 
isolation of a “hydroxyvaline” was reported by Schryver and Buston (1), 
Brazier (2), and Czarnetzky and Schmidt (3), although these claims have 
been questioned (4,5). Several workers have suggested the occurrence in 
proteins of hydroxyamino acids other than serine, threonine, and “‘hydroxy- 
lysine,” but again the data are inconclusive (6-8). Also, the isolation of 
a-amino-8-thiolisovaleric acid (penicillamine) as a cleavage product of the 
penicillins (9) has suggested, by analogy with the known interrelationship 
of cysteine and serine, the possibility that the analogous hydroxy com- 
pound might occur. It seemed of interest, therefore, to devise a suitable 
method for the determination of 8-hydroxyvaline in order to determine 
with some certainty the presence or absence of the compound in natural 
materials. 

The procedure developed for the determination of 8-hydroxyvaline is 


} based on published methods (10, 11) for the determination of threonine and 


| 


serine. The solution containing the free amino acids is treated with perio- 


_ date. Under the conditions, serine yields formaldehyde, threonine yields 


acetaldehyde, and 8-hydroxyvaline might be expected to yield acetone. 


CH, 
CH(OH)—CH(NH,)—COOH 


In the procedure for the determination of threonine and serine, the acetalde- 
hyde is removed by aeration and collected in sodium bisulfite solution. 
In the presence of an excess of free amino acids, the formaldehyde is quanti- 
tatively retained in the original solution. The acetaldehyde may then be 
determined iodometrically. The formaldehyde is estimated by precipita- 
tion with dimethyldihydroresorcinol (dimedon) (11), or by colorimetric (12) 

* This study was aided by a grant from the Cutter Laboratories, Berkeley, Cal- 


fornia, and is to be submitted in partial fulfilmen . of the requirements for the de- 
Gee of Doctor of Philosophy at the State College >f Washington. 


| 
CH, (I) CH,—CO—CH, + CHO—COOH + NH, 
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TaBLe 
Analysis for 8-Hydrozyvaline in Some Natural Products 
The figures i in parentheses indicate the number of analyses performed. 


droxy- 
valine | 
sis 
mr. mez. me. 
11.9 mg. threonine ...... 
hydroxy O-13.4 (4)/11.7-11.9 (4) 
........ 0.0 (4)) 8.5- 8.6 (4) 
| (2)| 8.5- 8.6 (2)t 
2500“ |. 0.5 (2)| 8.6 (2) 
200.0 “ zein.... | 0.0 (4)| 6.1- 6.2 (4) 
2.00 2.0- 2.1 (4) 6.0- 6.2 (4) 
200.0 whole silk... 0.0 (4)! 7.6- 7.7 (4) 
200.0 ** 2.00 1.9- 2.1 (2)| 7.6— 7.7 (2) 
200.0 “ B. subtilis... | 0.0 (2)| 4.8 (2) 
200.00 “ P. chrysegenum mycelium, 20 br.. 0.0 (2)| 1.8- 1.9 (2) 
200.0 0.0 (2); 1.8 1.9 (2) 
0.0 (2) 1.8- 1.9 (2) 
16.0 ml. P. chrysogenum culture filtrate, 0 | , 
sss | 0.0 (2); 8.0- 8.1 (2) 
16.0 ml. P. chrysogenum culture filtrate, 20 | 
(2)! 7.0- 7.1 (2) 
16.0 ml. P. chrysogenum culture filtrate, 20 | | 
..12.00} 2.0 (2)\ 7.2 (2) 
16.0 ml. P. chrysogenum culture Bitrate, 40 | 
hr... | 0.0 (2) 7.2 (2) 
16.0 ml. P. chrysogenum culture filtrate, 60 


* The recoveries are quantitative in every case, within the experimental error of 
the method (+5 per cent). 

+ Determinations of serine were run simultaneously by the method of Shinn and 
Nicolet (11) and yielded values of 11.3 to 11.7 mg. of serine. The sample analyzed 
wasair-dried. If corrected for moisture (6.8 per cent) and expressed in the usual way 
as per cent of amino acid in the protein, the values for serine (4.9 per cent) and 
threonine (3.7 per cent) in casein compare reasonably well with published values 
(cf. (13, 20)). Apparently, the simultaneous determination of serine is feasible. 

t In this experiment the 8-hydroxyvaline was added after hydrolysis. 


wee OOO => ke 
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or iodometric (13) procedures. In experiments with 8-hydroxyvaline, it 
was found that treatment with periodate yielded acetone. The acetone 
was removed from the reaction mixture by aeration and its identity estab- 
lished by preparation of the 2,4-dinitrophenylhydrazone (m.p. 123-124°; 
mixed melting point with authentic sample, 123-124°). However, under 
the conditions of the threonine procedure, the acetone was retained only 
partially but not quantitatively in the bisulfite solution. Available data 
on the reversible reaction of acetone with bisulfite (14) suggested that ace- 
tone might be quantitatively retained if the bisulfite solution was kept at 
alow temperature. This was found to be the case. Furthermore, it was 
established that, by more prolonged aeration, acetone could be completely 
removed from the bisulfite solution at room temperature while acetalde- 
hyde was retained. ‘Thus, the quantitative separation of formaldehyde, 
acetaldehyde, and acetone was possible and, therefore, the simultaneous 
determination of serine, threonine, and 8-hydroxyvaline, if present in a 
single sample. 

The procedure developed is described in detail in the experimental sec- 
tion. Results of recovery experiments on known mixtures of amino acids 
and of some analyses of natural products are included in Table 1. By the 
method as little as 0.5 mg. of pure 8-hydroxyvaline in 250 mg. of hydrolyzed 
protein can be estimated with some accuracy. Considerably smaller 
amounts could be detected. In no case were hydrolysates of the natural 
products found to contain a detectable amount of 8-hydroxyvaline. Since 
3-hydroxyvaline added to the materials before hydrolysis was recovered in 
nearly quantitative yield in all cases, it seems probable that the compound 
does not occur in detectable amounts in these natural products. In the 
ease of the purified proteins, the size of the samples (200 mg.) was such that 
one 8-hydroxyvaline residue in a protein of molecular weight of 40,000 
should have been readily estimated. 


EXPERIMENTAL 


Preparation of 8-Hydroxy-pu-valine—8 ,8-Dimethylacrylic acid (15) was 
converted to a-bromo-3-methoxyisovaleric acid essentially by the procedure 
of West, Krummel, and Carter (16) for the preparation of the analogous 
a-bromo-8-methoxy-n-butyrie acid.! 8-Hydroxy-pi-valine was prepared 
irom a-bromo-3-methoxyisovaleric acid by the method of Schrauth and 
Geller (17). The product melted at 217-219° (uncorrected); C 45.26, H 
8.04, N 10.49; calculated for CsHy,O3N, C 45.11, H 8.26, N 10.52 per cent. 
The amino acid was converted to the N-benzoy] derivative by a customary 
procedure (18). The product was recrystallized from ethyl acetate and 


‘Dr. Vincent du Vigneaud and Dr. Herbert McKennis (private communication) 
have demonstrated this extension of the method. 
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melted at 148.5-149.5° (uncorrected); C 60.61, H 6.31, N 5.92; calculated | 


for CHsO.N, C 60.74, H 6.36, N 5.90 per cent; neutralization equivalent 
237. Abderhalden and Heyns (5) report a melting point of 153° for the 


compound. 
Materials Analyzed 


Casein—V itamin test casein, control No. 1/16201, General Biochemicals, | 


Inc., Chagrin Falls, Ohio. 


Zein—Regular zein FH-54, supplied by Dr. A. L. Wilson, Corn Products _ 


Refining Company, Argo, Illinois. 

Whole Silk—Obtained through the courtesy of Dr. Stanford Moore, The 
Rockefeller Institute for Medical Research, New York. 

Bacillus subtilis (ATCC 6633)—A dried preparation of the organism har- 
vested from submerged culture at the Western Regional Research Labora- 
tory, United States Department of Agriculture, Albany, California, and 
supplied to Dr. James McGinnis of this institution. 

Penicillium chrysogenum (Strain Q-176)—Representative samples of com- 
mercial batches from the production of penicillin were taken at different 
time intervals (0, 20, 40, and 60 hours) from the start of the fermentation. 
These were kindly supplied by Dr. K. S. Pilcher, Cutter Laboratories, 
Berkeley, California. The mold mycelium was separated by filtration, 
washed with water, and dried in vacuo at room temperature. Hydrolysates 
of the solid materials were prepared by heating the substance under a reflux 
with 12 volumes of 6 N hydrochloric acid. The excess acid was removed by 
repeated evaporation in vacuo. It was found necessary to treat the casein 


hydrolysate with a small amount of decolorizing carbon to prevent sub- — 
sequent foaming during analysis. The hydrolysates of culture fluids were — 


prepared similarly except that initially 7 ml. of concentrated hydrochloric 
acid were added to 5 ml. of culture filtrate. The total N content of the 
original culture fluids varied from 0.18 to 0.26 per cent. 


Determination of 8-Hydroxyvaline 


Apparatus—The apparatus is similar to that of Shinn and Nicolet (10) 
except that two additional tubes are placed in the absorption train. This 
consists of fivePyrex test-tubes (2.5 X 20cm.). The first tubeis fittedwith 
a dropping funnel which also serves as the gas inlet tube. It is convenient 
to carry out duplicate analyses simultaneously by arranging two trains iD 
series, separated by a tube of saturated sodium bicarbonate solution. 

Procedure—The five tubes are charged as follows: Into the first tube, 


which serves as the reaction tube, are introduced, in the following order, | 


(1) the sample to be analyzed in a volume of 5 to 8 ml., (2) 5 ml. of 1 ™ 
sodium bicarbonate solution, and (3) 10 ml. of 0.1 N sodium arsenite solu- 


| 

‘ 


(10) 
This 
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tion, containing 20 gm. per liter of sodium bicarbonate. The second and 
third tubes contain | ml. of 2 per cent sodium bisulfite solution diluted to 
approximately 25 ml. with distilled water. The fourth and fifth tubes con- 
tain 10 ml. of 2 per cent sodium bisulfite solution diluted to approximately 
95 ml. with distilled water. These last two tubes are immersed in an ice 
bath and allowed to reach the temperature of the ice bath before the reac- 
tion is started. The sodium bisulfite solution should be prepared fresh 
weekly and stored at 5°. 

The apparatus is assembled and carbon dioxide is passed through for 
several seconds to mix the contents of the tubes. The gas inlet tube is then 
removed from the funnel and 2 ml. of 0.5 m periodic acid (HsIO¢) are added 
with the stop-cock closed. The gas inlet tube is then connected and the 
periodic acid solution allowed to flow into the first tube. Carbon dioxide 
is passed through the system for 4 hours at the rate of about 1 liter per 
minute. During this entire period, the last two tubes are kept in an ice 
bath. 

At the end of the aeration, the contents of the second and third tubes are 
titrated either separately or combined according to the following procedure: 
The excess bisulfite is titrated with the 0.05 ~ iodine solution (containing 
8 gm. per liter of potassium iodide), with starch as indicator. 2 gm. of 
pulverized disodium hydrogen phosphate are added and the liberated bi- 
sulfite is titrated with 0.02 N iodine solution (prepared by dilution of the 
0.05 x solution). The end-point is reached when the starch-iodine color 
persists for 30 seconds. 1 ml. of 0.02 N iodine solution is equivalent to 1.19 
mg. of threonine. 

The acetone collected in the fourth and fifth tubes is estimated iodo- 
metrically in a similar fashion, except that the titration with 0.05 N iodine 
solution is carried out at 5°. 2 gm. of disodium hydrogen phosphate are 
then added and the solution is placed in a water bath at 50° for 2 minutes. 
As suggested from previous studies (14, 19), it was found that quantitative 
results for acetone were not obtained if the sodium phosphate was replaced 
by sodium bicarbonate. 1 ml. of 0.02 N iodine solution is equivalent to 
1.33 mg. of 8-hydroxyvaline. 

Although the amount of 0.05 N iodine solution used in the first titration 
need not be known, an excess of iodine at this point should be avoided. If 
the bisulfite originally added is measured carefully, the titration of the ex- 
cess bisulfite may be used as an additional check on the amount of bisulfite 


bound. 
SUMMARY 


A procedure has been developed for the quantitative separation and 
stimation of small amounts of acetaldehyde and acetone. It has been 
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shown that oxidation of a-amino-8-hydroxyisovaleric acid (8-hydroxy- 
valine) with periodate yields acetone quantitatively. On the basis of these 
results, a method for the simultaneous determination of 8-hydroxyvaline 
and threonine has been devised. No evidence was found for the occurrence 
of 8-hydroxyvaline in any of the natural materials examined. 
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BIOCHEMICAL STUDIES ON DIPHENHYDRAMINE 
(BENADRYL*) 


I. CHEMICAL DETERMINATION OF DIPHENHYDRAMINET 


By WESLEY A. DILL ann ANTHONY J. GLAZKO 
(From the Research Laboratories, Parke, Davis and Company, Detrott) 


(Received for publication, January 14, 1949) 


The colorimetric determination of Benadryl (8-dimethylaminoethyl 
benzhydryl ether) is based on a general procedure for organic bases de- 
sribed by Brodie and Udenfriend (1). It depends on the reaction of the 
organic base with methyl orange to form a colored complex salt which is 
soluble in certain organic solvents. In using standard solutions of Benadryl 
in ethylene dichloride, it was found that methyl orange entered the organic 
phase in direct proportion to the concentration of Benadryl (2).' How- 
ever, application of these earlier procedures to the analysis of urine and 
tissues gave high blanks, due to the presence of interfering substances. 
The method described here involves a double extraction technique which 
eliminates most of the interference, making it suitable for the determination 
of Benadryl! in biological materials. 

Reagents— 

1. Heptane. Technical grade heptane is shaken for 5 minutes with one- 
ifth volume of 10 per cent NaOH. After separation, the hydrocarbon 
layer is washed successively with 1 ~ HCl and three separate portions of 
distilled water. 

2. Ethylene dichloride (EDC). ‘Technical grade EDC is purified by 
successive washes with alkali, acid, and water, as described for heptane. 

3. Borate buffer. A 0.2 mM borate buffer is made up by dissolving 12.4 
gm. of boric acid and 14.9 gm. of KCI in about 800 ml. of water, adjusting 
the pH to 8.0 by the addition of 1 ~N NaOH, and bringing the final volume 
to 1000 ml. 

4. Methyl oranye reagent. 0.5 M boric acid solution is saturated with 
methyl orange by shaking overnight in a mechanical shaker. Any un- 
dissolved methy! orange is filtered and the solution is washed with three 
vparate portions of KDC. The final reagent is stored in a bottle contain- 


ing a lower layer of EDC. 


‘Benadryl hydrochloride, registered trade name for diphenhydramine hydro- 
chloride. 


* These studies were reported in part at « meeting of the Federation of American 
“eieties for Experimental Biology, March, 1948. 
‘Sultzaberger, J. A., unpublished data, Parke, Davis and Company (1945). 
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5. Acid-alcohol reagent. 2 ml. of concentrated sulfuric acid are mixed 
with 98 ml. of absolute ethy] alcohol. 


Colorimetric Procedure 


The final color is produced in EDC solutions containing up to 3.0 y of 
free Benadryl base per ml. 0.5 ml. of the methyl orange reagent is added 
to approximately 10 ml. of the EDC solution in a glass-stoppered tube, 
and the mixture is shaken mechanically for 5 minutes. As much of the 
methyl orange layer as possible is aspirated, and the EDC layer is centrj- 
fuged at 1500 r.p.m. for about 10 minutes. The residual methyl orange 
collects at the sides of the tube. 

5 ml. of the EDC layer are pipetted into 18 K 150 mm. test-tube cuvettes 
containing 0.5 ml. of the acid-alcohol reagent. Care is taken to see that 
no trace of the aqueous methy1 orange reagent is transferred in this process. 
The contents of the cuvette are mixed thoroughly, and the optical density 
is read against a reagent blank by using a Coleman junior spectropho- 
tometer set at 535 mu. 

The optical densities are referred to a standard curve prepared in the 
same manner, with known concentrations of Benadryl. Standard solu- 
tions of Benadryl hydrochloride are prepared in aqueous solutions, which 
are made alkaline and extracted into a known volume of EDC. Aliquots 
of the EDC are then taken for the colorimetric procedure. Typical results 
obtained in this manner on standard solutions of Benadry] are presented 
in Fig. 1. 

EXPERIMENTAL 


Extraction of Benadryl from Aqueous Solutions—In attempting to find 
the best organic solvent for extracting Benadryl from biological materials, 
a number of different systems were examined for distribution of the drug. 
It was found that EDC, heptane, and petroleum ether were satisfactory. 
The use of the less polar solvents (heptane and petroleum ether) produced 
lower blanks with normal biological samples than were obtained with EDC, 
indicating that smaller amounts of interfering substances were extracted. 
Heptane has proved to be more satisfactory than petroleum ether because 
it is easier to handle without appreciable evaporation losses. 

Table I shows the effect of pH on the distribution of Benadryl between 
EDC and 0.2 m phosphate buffer at room temperature. ‘The extraction 
of Benadryl was practically complete when the aqueous phase was on the 
alkaline side of pH 7.0. Similar results for heptane are presented in 


Table II, which shows that complete extraction of Benadryl is obtained — 


when the pH of the aqueous solution is greater than 9.0. Shaking EDC 
or heptane with 0.1 n HCl resulted in complete transfer of the Benadry! 
to the acid layer. 


a! 
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Recovery of Benadryl from Plasma; Double Extraction Technique—The 
technique of double extraction is used to reduce the blank value of biologi- 
cal samples. This involves (a) extraction of Benadryl from an alkaline 
slution with heptane, (b) extraction of the heptane with dilute HCl, 


OPTICAL DENSITY 
T T 


\. 2. 3. 4. 


BENADRYL CONCENTRATION “4GM.PER ML.EDC 


Fig. 1. Standard curve for Benadryl obtained by the methyl] orange procedure. 
Readings were taken with a Coleman junior spectrophotometer at 535 mu, with 18 
X 150 mm. test-tube cuvettes. 


TaBLe I 
Effect of pH on Extraction of Benadryl with Ethylene Dichloride 


A mixture containing 1 ml. (25 y) of Benadryl, 3 ml. of 0.2 m phosphate buffer, 
and 10 ml. of EDC was shaken for 10 minutes and centrifuged. The EDC layer 
was analyzed for Benadryl! by the methyl orange procedure. 


pH | Benadryl in EDC layer Recovery 

| Y per cent 
| 0 0 
| 5.7 23 
5.0... | 20.4 82 
6.0... | 24.4 98 
24.8 99 
25.6 102 
Sa | 25.0 100 


_ ‘Teturning the Benadryl to the aqueous phase, and finally (c), after making 


the aqueous solution alkaline, reextracting the Benadryl into ethylene 
dichloride. The final color reaction with methyl orange is then performed 
directly on a portion of the EDC extract. 
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The following procedure was used to establish recoveries of Benadryl 


from plasma: 1 ml. of standard solutions containing 0 to 30 y of Benadryl — 


was added to 3 ml. portions of oxalated human plasma in glass-stoppered | 
bottles and made alkaline by the addition of 4 ml. of 0.1 N NaOH. The © 
mixtures were shaken with 25 ml. of heptane for 10 minutes and then centri- 

fuged. 20 ml. of the heptane phase* were then pipetted into clean bottles | 


TaB_e IT 
Effect of pH on Extraction of Benadryl with Heptane 
A mixture of 1 ml. (100 y) of Benadryl, 10 ml. of 0.2 m phosphate buffer, and 1) 
ml. of heptane was shaken for 10 minutes and centrifuged. The heptane was as. 
pirated and 1 ml. of 2.5 N NaOH added to a 3 ml. aliquot of the aqueous layer. — 
This was extracted with 10 ml. of EDC, which was then analyzed for Benadryl by 
the methyl orange technique. | 


pH | Benadryl in heptane layer 
| per cent total 
TaBLe III 
Recovery of Benadryl from Plasma 
Benadryl added Recovery 
0.5 93 
1.0 97 
2.0 100 
5.0 104 
10.0 102 


and shaken with 6 ml. of 0.1 x HCl for 5 minutes, the Benadryl being 
transferred to the acid layer. 5 ml. of the acid layer were pipetted into 
another tube, and to this were added 1 ml. of 1 N NaOH and 10 ml. of 
EDC. The mixture was shaken for 5 minutes, returning the Benadryl 


? With pure aqueous solutions of Benadryl in low concentrations, poor recoveries 
may be obtained due to adsorption on the glass containers. This can be ov a by 
the addition of a smal! amount of isoamy! alcohol to the heptane phase (3). 
ever, we have experienced no such difficulties when biological materials ete 
Benadryl are extracted with heptane. 
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to the organic phase. The aqueous layer was then aspirated, and as much 
of the EDC as possible was transferred to a glass-stoppered tube for the 
methyl orange reaction. A blank determination was also made on the 
same plasma without any Benadryl added to correct for interfering sub- 
stances. The results presented in Table III show good recoveries of 
Benadryl for concentrations between 1 and 10 y per ml. of plasma. 

The double extraction technique is also of value in reducing the possi- . 
bility of Benadry] degradation products interfering with the determination. 
Asingle EDC extraction of an alkaline solution containing a small amount 
of 8-dimethylaminoethanol was found to produce color in the methyl 
orange reaction, but no detectable amount was found in the EDC after 
the double extraction procedure via heptane and acid. Benzophenone 


TaBLe IV 
Recovery of Benadryl Added to Rat Tissues 


20 7 of Benadryl were added to tissue homogenates, and per cent recovery was 
determined by the methyl orange technique after subtracting the blank value for 
normal tissue. 


— 


Normal blank, 


Tissue Benadryl equivalents | Benadryl recovered | Benadryl recovery 

Y per cent 
Liver..... 0.1 20.2 10} 
0.4 21.0 105 
Heart. . 0.4 21.0 105 
Muscle . 0.1 20.7 103 
Plasma 0.0 21.0 104 
Red cells 0.1 19.2 96 


and benzohydrol, other possible degradation products, gave no color by 
the methyl orange reaction. 

Recovery of Benadryl from Tissues—Normal adult rats were sacrificed and 
different tissues removed for analysis. 1 gm. portions were weighed and 
homogenized in a motor-driven apparatus similar to the one described by 
Potter and Elvehjem (4), but with a stainless steel rotor in place of glass. 
Water was added during the homogenizing process,’ and the final ho- 
mogenates (about 5 ml.) were transferred to 60 ml. glass-stoppered bottles. 
% y of Benadryl in aqueous solution were added to each sample. The 
solutions were made alkaline by the addition of 5 ml. of 0.1 N NaOH, and 
the mixtures were shaken with 25 ml. of heptane for 15 minutes. After 
eparation, 20 ml. of the heptane layer were pipetted into another bottle 


"Excessive dilution of the homogenate increased the tendency to form emulsions 
with heptane, whereas insufficient dilution made complete extraction difficult. 
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and shaken with 6 ml. of 0.1 Nn HCl for 5 minutes. 1 ml. of 1 x NaOH 
was added to 5 ml. of the acid and shaken with 10 ml. of EDC. After 
separation by centrifuging, the EDC layer was taken for analysis by the 
methyl orange procedure. The same procedure was repeated without the 
addition of Benadryl to obtain normal tissue blanks, which are expressed 


TaBLe V 
Distribution of Urinary Bases between Heptane and Aqueous Buffers 
Heptane, containing organic bases extracted from normal urine, was shaken with 
an equal volume of 0.2 m phosphate or borate-KCl buffer and analyzed by the methy! 
orange technique after extraction into 0.1 N HCl and EDC. The results are ex- 


pressed as per cent of original concentration of organic bases remaining in the 
heptane phase. 


pH | Urinary 

per ceni 

Tasie VI 


of Benedrys from Urine by Various Bstrestion Presed ures 


EDC extraction (b) Double extraction | © Double 


| Optical | Per | Optical | Optical Per cent 
density recovery | density j 
| 


| 

124 0.013 
| 


0 (Blank).......... 0.005 
| 0.561 | y9 0.460 101 


0.471 102 


as micrograms of Benadryl equivalents per gm. of tissue. The results are 
presented in Table IV. In all cases, the normal tissue blanks were quite 
low (0.1 to 0.4 y per gm.) compared with the quantity of Benadryl] present 
(20 y per gm.). 

Procedure for Benadryl in Urine; Use of Alkaline Washes—Urine was 
found to give high blanks even with the double extraction technique 
because of the high concentration of other organic bases. This interference 
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was reduced markedly by washing the initial heptane extract with an equal 
volume of a pH 8.0 borate-KCI buffer (see “Reagents’’). 

In establishing the optimum conditions for washing the heptane extract, 
the distribution of normally occurring urinary bases between heptane and 
aqueous buffers was studied. Human urine was made alkaline and ex- 
tracted with heptane to obtain the urinary bases which might produce 
interference. Aliquots of the heptane were then shaken with equal volumes 
of 0.2 m phosphate or borate buffers, and after separation of the two phases, 
the heptane was analyzed for organic base by the methyl orange technique, 
frst extracting into 0.1 N HCl and then into EDC. The results are pre- 
snted in Table V, expressed as per cent of the original concentration of 
urinary bases in the heptane phase. By using 0.2 m borate-KCl buffer at 
pH 8.0, it was found that 65 per cent of the urinary bases was removed 
fom the heptane by a single extraction. Under the same conditions, 
less than 2 per cent of the Benadry] in the organic phase was removed. 

To illustrate the effect of different extraction procedures on urinary 
blanks, normal human urine was extracted (a) directly into EDC, (6) by 
double extraction via heptane and acid into EDC, and‘(c) by double 
extraction in which the heptane phase was washed once with an equal 
volume of pH 8.0 borate buffer. Urine containing 2.0 and 4.0 y of added 
Benadryl was also extracted in the same manner. Final EDC extracts 
representing equivalent volumes of urine were analyzed for organic base 
by the methyl orange technique. The results are presented in Table VI. 
The blank value found in procedure (a) was reduced 10-fold by the double 
extraction procedure (b), and 25-fold by the use of a buffer wash in pro- 
cedure (c). Recoveries of Benadryl in procedure (a) were uncertain, due 
to the high blank, but in procedures (b) and (c) good recoveries were 
obtained with significantly lower urine blanks. 


SUMMARY 


Data are presented on various procedures for extraction of Benadryl 
from biological materials. A double extraction technique is recommended, 
involving extraction into heptane, transfer of the Benadryl back into acid 
solution, and from there into ethylene dichloride. In addition, an alkaline 
wash of the heptane extract is used where high concentrations of interfering 
substances are present. Final colorimetric measurements are made on 
the EDC solutions by the methyl orange technique for organic bases. 
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BIOCHEMICAL STUDIES ON DIPHENHYDRAMINE 
(BENADRYL*) 


Il. DISTRIBUTION IN TISSUES AND URINARY EXCRETION 


By ANTHONY J. GLAZKO anp WESLEY A. DILL 
(From the Research Laboratories, Parke, Davis and Company, Detroit) 


(Received for publication, January 14, 1949) 


Benadryl] has been used extensively as an antihistamine agent, but little 
is known concerning its mode of action or metabolic fate. It is rapidly 
absorbed, as shown by earlier blood level studies (1-3) and the fact that 
dinical effects are observed in less than an hour (4). This paper presents 
observations on the distribution of Benadryl in the rat, chosen for its 
resistance to the action of histamine, and in the guinea pig, which is well 
known for its sensitivity to histamine. In addition, evidence is presented 
for the presence of a small amount of unaltered Benadryl in urine. 


EXPERIMENTAL 


Distribution of Benadryl in Rat—Benadryl hydrochloride in aqueous 
solution was administered subcutaneously to a series of rats which had 
not been fed for 18 hours, with a dosage of 2 mg. per 100 gm. of weight. 
Groups of three rats were sacrificed at intervals of 1, 2, 4, and 6 hours 
after administration of the drug. The tissues were removed immediately 
after death and frozen at —20°. Analyses were usually completed within 
afew days. Tissues were homogenized and extracted with heptane, and 
the Benadry! was transferred by extraction to acid and finally to ethylene 
dichloride for colorimetric analysis (5). All results were corrected for 
normal tissue blanks. The three analyses for each time interval were 
averaged, with the results presented in Fig. 1. By far the highest con- 
centration of Benadryl! was found in lung tissue. Spleen was next highest, 
followed by kidney, brain, liver, and muscle. Peak concentrations were 
observed in 1 to 2 hours after administration of the drug. 

Other routes of administration were studied, with the results shown in 
Table I. In this series of experiments, the rats were given 0.5 mg. of 
Benadryl hydrochloride per 100 gm. of weight by the routes indicated in 
Table I, and the animals were sacrificed 30 minutes after administration 


*Benad 71 hydrochloride, registered trade name for diphenhydramine hydro- 
chloride. 


t Reported in part at a meeting of the Federation of American Societies for Ex- 
perimental Biology, March, 1948. 
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Fic. 1. Distribution of Benadryl] in rat tissues. 2 mg. of Benadryl hydrochloride 
per 100 gm. of weight were administered subcutaneously. Each point represents 
the average results from three animals. Concentrations are expressed as micro- 
grams of Benadryl base per gm. of tissue, corrected for normal tissue blanks. 


TABLE I 
Benadryl Concentration in Rat Tissues 


0.5 mg. of Benadryl hydrochloride per 100 gm. of body weight was administered 
in aqueous solution by the routes indicated. The animals were sacrificed after 30 
minutes, and the tissues analyzed for Benadryl. The figures express Benadryl 
concentrations as micrograms of free base per gm. of tissue. 


Route of administration 


| 
Oral Intraperitoneal Subcutaneous Intravenous 
Spleen 1.9 oe 3.8 | 11.3 
Brain 0.1 2.0 8.7 
| 1.5 1.5 0.3 | 0.9 
Heart 0.6 1.3 ae 3.5 


of the drug. The analyses again showed high concentrations of Benadryl | 
in the lungs and spleen when Benadryl was administered parenterally. 
Oral administration resulted in elevated levels in the liver and spleen. 
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HOURS AFTER ADMINISTRATION 


Fig. 2. Distribution of Benadryl in guinea pig tissues. 2 mg. of Benadryl hydro- 
chloride per 100 gm. of weight were given subcutaneously. Each point represents 
the average results from three animals. Concentrations are expressed as micrograms 
of Benadryl per gm. of tissue, corrected for normal tissue blanks. 


TABLE II 
Benadryl Concentration in Guinea Pig Tissues 


1 mg. of Benadryl hydrochloride per 100 gm. of body weight was administered 
in aqueous solution by the routes indicated. The animals were sacrificed 1 hour 
later, and tissues analyzed for Benadryl. The figures express Benadryl concentra- 
tions as micrograms of free base per gm. of tissue. 


Route of administration 


Tissue 
Oral Subcutaneous 

Lung 14.9 | 76.6 
Spleen 5.3 19.0 
Brain. . 0.3 6.3 
Liver. . 2.4 9.5 
Muscle. 0.4 3.7 
Heart. 0.6 6.7 
Plasma... 0.2 1.7 
Erythrocytes 0.2 1.3 

1.9 


Distribution of Benadryl in Guinea Pig—The distribution of Benadryl 
was also investigated in the guinea pig. A series of animals (average 
weight 370 gm.) was injected subcutaneously with 2.0 mg. of Benadryl] 
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hydrochloride per 100 gm. of weight. The animals were sacrificed jp 
groups of three at 1, 2, 4, and 6 hours after administration of the drug. 
Tissues were analyzed for Benadryl, as described earlier (5), with the re. 
sults presented in Fig. 2. 

It will be seen from this experiment that the order of tissue concentra. 
tions of Benadryl is similar to that observed in the rat. Although the 


same dosage of Benadryl per unit weight of animal was administered ty _ 


G 


BENADRYL 
STANDARC 


5 


URINE- 


ORGANIC BASE — PERCENT OF TOTAL 


0 24 6 86 © 12 4 16 18 20 22 2 

CRAIG PLATE NUMBER 

Fic. 3. Counter-current analysis of human urine for Benadryl. Urine extracts 

were run through the twenty-four plate Craig apparatus, with equal volumes of hep- 

tane and 0.135 m phosphate buffer at pH 6.13 for the counter-current extraction. 

The total organic base in each plate was determined by the methy! orange reaction. 
A pure sample of Benadryl hydrochloride was analyzed in the same manner. 


the rat (Fig. 1) and guinea pig (Fig. 2), the latter showed from 2 to 3 times 
the concentration of Benadryl found in rat tissues. 


The differences between the oral and subcutaneous routes of adminis — 


tration in the guinea pig were also compared. A series of guinea pigs was 
given 1.0 mg. of Benadryl hydrochloride per 100 gm. of weight by stomach 
tube or by subcutaneous injection, and the animals were sacrificed 1 hour 
later. Tissues were analyzed for Benadryl concentration, with the re 
sults shown in Table II. Here again, as in the rat, the concentration o 
Benadryl in lungs and spleen remains high, regardless of the route of ad- 
ministration. 

Urinary Excretion of Benadryl—Numerous studies have been made 00 
the urinary excretion of Benadryl, indicating that 5 to 15 per cent of the 
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‘otal dose is excreted (2, 3, 6) in 24 hours. Evidence is presented else- 
shere (7) that non-basic degradation products are also present. The 


«ork described here demonstrates the presence of unaltered Benadryl in 


: The identity of Benadryl in urine was established by counter-current 
atraction with the Craig technique (8), and by the ultraviolet absorption 
— gectrum of the purified material. 750 ml. of urine were obtained from 
yormal human subjects given 50 mg. of Benadryl hydrochloride orally a 
. w hours prior to urine collection. The urine was made alkaline by the 
dition of NaOH and extracted with an equal volume of heptane (5). 
The heptane was shaken with 50 ml. of 0.1 N HCl, which was then sep- 
gated, made alkaline, and reextracted with 9 ml. of heptane. 8 ml. of 
this extract were fractionated in a 24 plate Craig counter-current appara- 
tus, With equal volumes of heptane and 0.135 m phosphate buffer at pH 
613. After the counter-current extraction, 1.5 ml. of n/3 HCl were added 
each plate and the mixture shaken, the Benadryl being transferred 
completely to the aqu-ous phase. Aliquots of the aqueous phase were 
made alkaline and extracted into ethylene dichloride for colorimetric 
analysis by the methyl orange procedure (5). A counter-current extrac- 
tion was also performed with a known sample of Benadryl hydrochloride 
wder the same conditions. The results are presented in Fig. 3. 

The close correspondence of the peaks in Fig. 3 is strong presumptive 
evidence that they are due to the same substance (8). When examined 
or ultraviolet absorption with a Beckman spectrophotometer, the samples 
uw the middle of the series (Plates 9 through 14) had a peak absorption at 
38 my, with a minor peak at 253 my, identical with that of a known sample 
| if Benadryl.2 The presence of other organic bases more water-soluble 


ion. than Benadryl is demonstrated by the methyl orange color reaction to- 
| wards the end of the series. 


DISCUSSION 


The high concentration of Benadryl] in lung and spleen is of great in- 
terest because of the réle played by these organs in anaphylactic shock. 
There is not sufficient evidence to say that Benadryl accumulates at 
-“teeptor sites” in competition with histamine, although that possibility 
ould not be overlooked. However, analysis of guinea pig skin (Table 
ll) gave low concentrations of Benadryl, even though the drug is known to 
iiect cutaneous reactions attributable to histamine (9). Also, brain 


 *§ince this work was completed, a paper by Hald (6) described the formation of 

| isilicotungstic acid derivative of Benadryl from urinary sources. 

*Spectroscopic examinations were made by Dr. J. M. Vandenbelt of the Research 
ies, Parke, Davis and Company. 
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tissue, which normally has very little histamine present (10), showed fairly 
high concentrations of Benadryl on analysis (Figs. 1 and 2). The ae. 


cumulation of Benadryl in various tissues apparently produces no patho. | 


logical changes or blood dyscrasias (9), and toxic effects are promptly 
relieved by discontinuance of the drug, regardless of severity (11). 


The concentration of Benadryl in the tissues of the rat and guinea pig | 


showed significant differences (Figs. 1 and 2). In the rat, the level of 
Benadryl was one-half to one-third that shown by the guinea pig. This 
is perhaps better accounted for by the greater enzymatic activity of rat 
kidney and lung tissue than by differences in the rate of absorption or 
excretion of the drug (12). 


We are especially indebted to Dr. A. C. Bratton, Dr. D. A. McGinty, 
and Dr. Graham Chen for their help and advice during the course of this 
work. 


SUMMARY 


Comparative data are presented on the levels of Benadryl in rat and 
guinea pig tissues at different time intervals following administration of 
the drug. After subcutaneous injection, the highest concentrations were 
found in the lungs, with progressively lower concentrations in the spleen, 
kidney, brain, liver, and muscle tissue. Peak concentrations were found 
in about 1 hour, with a fairly rapid drop towards normal levels in 6 hours. 

The presence of a small amount of unaltered Benadryl was demon- 
strated in human urine by means of counter-current solvent extraction 
and ultraviolet absorption characteristics. 
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BIOCHEMICAL STUDIES ON DIPHENHYDRAMINE 
(BENADRYL*) 


III. APPLICATION OF RADIOACTIVE CARBON TO METABOLIC 
STUDIES OF BENADRYL 


By ANTHONY J. GLAZKO, D. A. McGINTY, WESLEY A. DILL, M. L. WILSON, 
anp C. 8. WARD 


(From the Research Laboratories, Parke, Davis and Company, Detroit) 
(Received for publication, January 14, 1949) 


Biochemical studies on the urinary excretion of Benadryl have generally 
accounted for 5 to 15 per cent of the administered dose in 24 hours (1-3). 
Evidence has been obtained for the enzymatic degradation of Benadryl 
in vitro, the products no longer producing color in the analytical procedure 
for Benadryl (4, 5). The present work with a radioactive tracer demon- 
strates that metabolic products of Benadryl are formed in the body and 
excreted in the urine, thereby accounting for a greater percentage of the 
total dose than that found by chemical analysis. 


Procedure 


The experiments with radioactive Benadryl were performed with ma- 
terial synthesized by Dr. Robert Fleming and Dr. George Rieveschl (6). 
C“ was incorporated into the molecule in the @ position of the benzhydryl 
group, as shown in the accompanying formula. The specific activity of 
this preparation was 224 uc. per gm., as estimated by the technique de- 
scribed below. 


CH—O-—CH,—CH,—N - HCl 


CH; 
The asterisk indicates the position of ©" in the Benadryl molecule. 


Urine and tissue extracts containing Benadryl or its degradation prod- 
ucts were measured into porcelain micro combustion boats and evaporated 
to dryness. In all cases sufficient sample was taken to yield on com- 
bustion approximately 100 mg. of barium carbonate. Whenever this was 
impractical because of limited sample or low carbon content, sufficient 
benzoic acid was added to the sample to yield 100 mg. of BaCO;. The 
samples were then placed in a micro combustion apparatus and burned 


* Benadry! hydrochloride, registered trade name for diphenhydramine hydro. 
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in a stream of oxygen. The CO, was collected in 50 ml. centrifuge tubes 
containing CO,-free 1 x NaOH, heated and precipitated as BaCO, by the 
addition of saturated Ba(OH), solution. The BaCOs suspension was 
washed twice by centrifugation with CQO,-free water and then filtered by 
suction into a tared No. | Whatman filter paper (4.25 em. in diameter), 
which was clamped with thin rubber gaskets between a Jena filter disk 
below and a cylindrical funnel of 1.9 em., inside diameter, above. The 
walls of the funnel and the precipitate were washed first with water and 
then with 95 per cent alcohol in such a manner as to obtain fairly even 
distribution of the precipitate on the paper. After removal of the funnel, 
the filter paper and BaCQ, disk were dried in vacuo, weighed, and then 
treated with a drop or two of 2 per cent ethyl acetate solution of isobuty! 
methacrylate polymer in order to reduce ‘‘dusting” of the BaCO, disk. 
The filter paper and BaCQO, disk were then cemented to a 2 & 2 inch Dural 
slide, mounted uniformly under the Geiger-Miiller tube, and radioactivity 
measured. 

Radioactivity counts were made with a Victoreen Geiger-Miiller tube 
with a 2.7 mg. per sq. em. mica window and a Tracerlab autoscaler. All 
radioactivities were corrected for resolving time, background, self-absorp. 
tion, window and air absorption, and geometry and obliquity, according 
to methods described (7-9). The results are expressed as Benadry! hydro- 
chloride equivalents, regardless of the chemical nature of the fraction 
measured. 

The experiments on paper chromatography were performed by the 
methods described by Consden, Gordon, and Martin (10). A measured 
volume of urine (0.1 to 0.01 ml.) containing radioactive derivatives of 
Benadryl is evaporated in a narrow band 5 em. from one end of a 1.5 X 
60 cm. strip of filter paper. This is done by placing a piece of Nichrome 
resistance wire a few mm. below the area where concentration of the solutes 
is desired, and passing sufficient current through the wire to keep it hot. 
As the sample evaporates, water is fed in to either side of the heated area 
from water-saturated wicks of cloth. The rapid evaporation directly 
above the hot wire washes the solutes to that area, resulting in a very 


narrow band of solutes across the width of the strip. ‘The paper is then — 


dried in an oven at 100° and chromatographed as described elsewhere 
(10). After 16 hours, the solvent boundaries are marked and the paper 
strips are dried in an oven. The strips are then placed in close contact 
with Eastman No-sereen x-ray film in a photographic printing frame and 
allowed to stand for 24 to 72 hours, after which time the film is developed. 
Dark bands appear on the film corresponding to areas of high radioae- 


tivity on the strips, and Rp values are calculated from the ratio of the | 


& 
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distance traveled by the radioactive compounds to the distance traveled 
by the solvent from the top of the strip (10). 


EXPERIMENTAL 


Comparison of Chemical and Radioactivity Techniques for Assay of Ben- 
adryl in Tissues—Kach of two guinea pigs was injected subcutaneously 
with 10 mg. of Benadryl hydrochloride per kilo of body weight. The 
animals were sacrificed 75 minutes after injection. The tissues were re- 
moved, frozen rapidly, and stored until analyzed. Corresponding tissues 
fom the two animals were pooled, homogenized, make alkaline with 


I 
Comparison of Benadryl Concentration in Guinea Pig Tissues by Chemical and 
Radioactivity Methods 


Petroleum ether extracts of the tissue homogenates were analyzed for Benadryl 
by chemical and radioactivity assay methods. 


Concentration of Benadryl! hydrochloride 

Chemical method Radioactivity measurements 
y per gm. issue y per gm. issue 

Lung. 62.2 67.4 

Spleen... 17.8 | 17.9 

Liver. 9.6 7.8 

Brain. . 5.1 5.7 

Heart 2.4 4.3 

Blood. . . 0.7 | 2.3 

1.9 | 
Muscle 1.3 1.6 
Bile. . . 0.0 0.0 


NaOH, and extracted with petroleum ether as described in the first paper 
di this series (5). The petroleum ether layer was separated and extracted 


| witha small volume of dilute HCl. One aliquot of this material was made 


alkaline and reextracted with ethylene dichloride for colorimetric analysis 


_ (3). A second aliquot was made alkaline and extracted with petroleum 


ther. This extract was prepared as a BaCO; disk for radioactivity 
measurement, as already described. Table I contains comparative data 
ibtained by the two procedures, expressed as micrograms of Benadryl 
base per gm. of tissue. 

It is evident from Table I that there is good correlation between the 


| tsults obtained by the two methods. The order of concentration of the 


drug in the various tissues corresponds with the chemical assay values 
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obtained in previously reported experiments (11). The results obtained 
indicate, furthermore, that the material extracted by petroleum ether 
from an alkaline solution consists of organic bases derived almost entirely 
from administered radioactive Benadryl. This fraction represents at least 
in part unchanged Benadryl itself, as was demonstrated by the Craig 
counter-current partition experiments (11). 

Estimates of the total concentration of Benadryl in the body from the 
above data (75 minutes after injection) show that approximately one- 
third of the administered dose is accounted for in the major body tissues, 
The other two-thirds are probably in the form of degradation products 
which are not extracted under the conditions used for the separation of 
Benadryl. 


Taste II 
Excretion of Benadryl and Radioactive Non-Benadryl Fractions Following Injection 
of Radioactive Benadryl Hydrochloride into Rats 
Benadryl! assay figures were obtained on petroleum ether extracts of the urine 
samples. The radioactivity of the residue following extraction was also measured. 


Be BCI, per | Non-Benadry! | Total Benadryl 
residue + non-Benadryl Total radioac- Non-Benadryl 
Rat Benadryl HC! y Benadry! tivity of urine fraction per cent 
No. Radio- equivalents per per (percentadminis- total v- 
Chemical activity | 24 brs | 24 brs tered dose) —_—_—_siity of urine) 
assay measure-— (radioactivity) (radioactivity) 
ment | | 
1 | 28 | 303 | 1619 1922 : 38.5 
2 27 | 180 | 1118 1298 
296 273 1430 1703 34.1 84.0 


Evidence for Presence of Benadryl Degradation Products in Urine—Each 
of three rats was injected subcutaneously with a solution containing 5 
mg. of radioactive Benadryl hydrochloride. The rats were placed in 
metabolism cages and their urines collected for 24 hours. An aliquot of 
each urine collection was made alkaline with NaOH and extracted with a 
known volume of petroleum ether, an established procedure for extraction 
of Benadryl (5). Both the petroleum ether extract and the non-extracted 
residue were measured separately for radioactivity after combustion and 
preparation of BaCO; disks. The results of this experiment are shown 
in Table II. 

Attention is again called to the fair agreement between the chemical 
and radioactivity assays for Benadryl. The most significant observa- 
tion, however, is that, after extraction of organic bases from alkaline 
urine by petroleum ether, approximately 85 per cent of the total radio 


eas 
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getivity remains in the aqueous phase in all three eases. ‘This indicates 
that most of the Benadryl is excreted ina torm which is mot extracted by 
petroleum ether from alkaline solution. Tlowever, the total recovery of 
radioactive products represented only 26 to 38.5 per cent of administered 
radionetivitv. The low exeretion of Benadryl itself (4 to 6 per cent of 
administered Benadryl) is in agreement with previously published re- 
sults (1-33) 

The urinary excretion of Benadryl and its degradation products was 
also studied in the rat by parallel chemical and radioactivity assavs on 
urine samples collected at different time intervals atter administration of 


Ereretion of and Degradation Products in Rats at Lai the rent Time Intervals 

Following Singl Subcutaneous Dose of Radioactive Be nadruyl Hiudrochlo sete 

Vy per 100 oft Body 

assay values for Benadrvl and radioactivity measurements for whole 
urine are expressed us per cent of administered dose for ench colleetion 
dieaetivity measurements on whole urine represent exereted Benadry! plus metabolre 
products of Benadryv! 


Urine collection perrod 


> be 23 hes 23.52 hrs« 71 hrs 
Rat No Weight 
Rade Radio Radio 
(hemical (Chemical activity activity 
Measure assay measure measure 
assay 
meni tent ment 
lt) 2.2 20.64 5.4) () 1.0 
) 1.5 1.2 25.0 0 | 2 


radioactive Benadryl hydrochloride. Three rats were injected subeu- 
taneously with 2.0 mg. of radioactive Benadryl hydrochloride (aqueous 
solution) per LOO gm. of body weight. Urine was collected at 7, 23, 52, 
and 71 hours after injection, the metabolism cages and tunnels being 
Washed with distilled water to collect as much of the urine as possible. 
Alter measuring the volumes, part of each sample was assaved for total 
radioactivity. by the barium carbonate technique. The rest was made 
dkaline and extracted with heptane, which was washed with pHl 8.0 
borate buffer, reexiracted into HCl, and finally into ethylene dichloride 
for Benadryl assay by the methyl orange procedure (5). 

The results presented in ‘Table TLE are calculated as per cent of original 
dose recovered in the urine. From these results, it ean be seen that 33.4 
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per cent of the total administered radioactivity is recovered in 23 hours. 
In 71 hours, only 38.6 per cent of the administered dose is accounted for. 
About 11 per cent of the radioactive products excreted in this period 
responds to the methyl orange test for Benadryl. The average rate of 


t 


radioactive products 


EXCRETION RATE gamma/hr./100 gm. 


0 20 40 60 80 
HOURS AFTER ADMINISTRATION 
Fig. 1. Urinary exeretion rate of free Benadryl and of radioactive metabolic prod- 
ucts in the rat. Average excretion rate from three rats given 2 mg. of radioactive 
Benadryl hydrochloride subcutaneously per 100 gm. of body weight. 


5 


Fie. 2. Radioautographs from chromatographed urine of rats given radioactive 
Benadryl hydrochloride. The direction of the solvent travel is from left to right, 
with the right-hand mark indicating the limit of solvent travel. 1. original urine 
chromatographed with n-butanol with 3 per cent NILOH added: B. residue after 
extraction of alkaline urine with ethylene dichloride; C, urine after acid hydrolysis 


excretion in micrograms of Benadryl! hydrochloride equivalents per hour 
per 100 gm. of body weight is plotted in Fig. 1. The maximum rate ot! 
excretion of organic base (Benadryl) occurs in the first 7 hours, wheres 
the non-basie degradation products which are not detected by the methy! 
orange reaction are excreted over a much longer period of time, and repre- 
sent the bulk of the excreted drug. 
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Paper Partition Chromatography of Urine—Urine was collected from 
rats injected subcutaneously with radioactive Benadryl, and chromato- 
graphed on paper strips which were then radioautographed as already 
described. ‘The results show that at least six different radioactive com- 
pounds are present in rat urine, all obviously containing C which was 
originally present in the Benadryl molecule. Normal rat urine chromato- 
graphed in the same manner showed no trace of the darkening on the 
photographic film, ruling out the possibility of chemical fogging of the 
emulsion. 

The results of chromatography with n-butanol with 3 per cent ammonia 
added are shown in Fig. 2. 

The original urine showed bands with calculated Ry values of 0.07, 
0.12, 0.23, 0.37, 0.53, and 0.93 (Fig. 2, A). Unchanged Benadryl was 
shown to occur at Rp = 0.93, because radioactive Benadryl added to the 
urine produced a more intense band at this location. This observation is 
also supported by the identification of Benadryl in human urine, which 
was made earlier by use of the counter-current extraction procedure (11). 
In addition, extraction of the alkaline rat urine with ethylene dichloride 
resulted in complete removal of this band only (Fig. 2, B), leaving behind 
the other compounds which do not behave as organic bases. After acid 
hydrolysis of the urine in 1 N HCI for 1 hour at 100°, a single strong band 
appears at Ry = 0.32, with the elimination of all other bands (Fig. 2, C), 
except for a small amount of radioactive material remaining at the start- 
ing point. The Ry values appear to be influenced by the salt concentra- 
tion of the urine, and vary to some extent in these experiments. 


DISCUSSION 


The determination of Benadryl in urine and tissues by chemical and 
tadioactivity techniques shows fairly good agreement, indicating that the 
organic bases are in fact derived from Benadryl. That these bases repre- 
sent unaltered Benadry] itself is borne out by the chromatography experi- 
ments described here, and by the Craig counter-current extraction experi- 
ments described earlier (11). 

In addition to Benadryl, the chromatographic work shows that a number 
of other radioactive products are present in urine which do not behave as 
organic bases in their extraction properties. These are probably related 
in structure, since acid hydrolysis produces a derivative which chromato- 
graphs as a single band. The experiments on urinary excretion also show 
that the metabolic products of Benadryl are excreted in far greater con- 


centration than unaltered Benadryl, and appear in the urine over a longer 
period of time. 
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SUMMARY 


1. Benadryl analyses of tissues by chemical and radioactivity pro. 
cedures show good agreement. 

2. The urinary excretion of non-basic metabolic products of Benadry! 
is demonstrated by radioactivity assay, accounting for a larger percentage 
of the administered dose than heretofore possible. 

3. The presence of Benadryl and a number of degradation products in 
rat urine is demonstrated by the preparation of radioautographs from 
paper strip chromatograms. 
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BIOCHEMICAL STUDIES ON DIPHENHYDRAMINE 
(BENADRYL*) 


IV. DEGRADATION OF BENADRYL BY TISSUE ENZYMESt 
By ANTHONY J. GLAZKO ann WESLEY A. DILL 


(From the Research Laboratories, Parke, Davis and Company, Detroit) 
(Received for publication, January 14, 1949) 


The excretion of unchanged Benadryl accounts for only a small portion 
of the total administered dose in man (1, 2). Indirect evidence for the 
presence of degradation products in tissues and urine was obtained with 
Benadryl labeled with radioactive carbon (3). The experiments reported 
here show that degradation is produced by tissue enzymes, resulting in a 


loss of the basic properties of Benadryl as measured by the methyl orange 
technique (4). 


EXPERIMENTAL 


Comparative Activity of Various *Tissues—Tissue samples were removed 
from the rat, guinea pig, and rabbit immediately after death. | gm. 
portions were weighed and minced thoroughly with a razor blade. The 
minced tissues were suspended in 5 ml. of Tyrode’s solution at pH 7.4, 
containing 1:10,000 phenylmercuric lactate to inhibit bacterial growth. 
To this were added 50 y of Benadryl hydrochloride in 1 ml. of saline. 
The mixtures were placed in an incubator room at 38° and shaken me- 
chanically for 16 hours. The samples were then homogenized, extracted, 
and analyzed by the methyl orange procedure described in an earlier 
paper (4). The results, corrected for normal tissues blanks, are presented 
in Table I. 

Of all the tissues tested, the liver showed greatest activity. Rat lung 
showed more activity than the corresponding tissue in the rabbit or guinea 
pig, and some activity was also evident in rat kidney. Heating the tissues 
to 60° for 10 minutes destroyed all activity. Benadryl incubated with the 
intestinal contents of a rat showed little or no loss of basic properties, 
indicating that the intestinal flora have no importance in this type of 
degradation of Benadryl. 


Rate of Degradation—The rate of degradation of Benadryl was rapid 


*Benadryl hydrochloride, registered trade name for diphenhydramine hydro- 
chloride. 


* Reported in part at a meeting of the Federation of American Societies for Ex- 
perimental Biology, March, 1948. 
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enough to be detected in a few minutes under optimum conditions, 9 | 
gm. of fresh rat liver were minced and suspended in 50 ml. of Tyrode's _ 
solution, and 1.2 mg. of Benadryl hydrochloride were added as an aqueoys 
solution. The mixture was agitated mechanically in a 38° water bath, 
and 3 ml. samples were withdrawn periodically for analysis. The samples 


I 
Degradation of Benadryl by Various Tissues 


50 y of Benadryl hydrochloride were incubated with 1 gm. of minced tissue jp } 
Tyrode’s solution for 16 hours, and then analyzed for Benadryl. The amount of — 
degradation is expressed as per cent of Benadryl! originally added. | 


| 


Tissue | Rat Guinea pig Rabbit 
Brain. 6 4 
Heart... a 7 6 5 3 
Spleen. . 4 2 
Taste Il | 


Rate of Degradation of Benadryl 


Benadryl hydrochloride was incubated with minced rat liver at 38° and sample 
were withdrawn at stated intervals for analysis by the methyl orange procedure. 


Time (#) Unchanged Benadryl (c) 

min. | per cent original 

0 | 100 | 
15 | 48.2 | 0.0021 
30 : 44.7 | 0.0022 | 
45 | 39.5 | 0.0026 

60 | 37.1 0.0024 
90 | 32.1 0.0023 
120 | 24.2 | 


were heated to boiling immediately after withdrawal to stop enzymati 
action. Samples were homogenized and analyzed for Benadryl by th 
methyl orange procedure (4). The results presented in Table II indicat 
that the rate of degradation of Benadryl by rat liver enzymes 1s propo 
tional to the concentration of unchanged Benadryl, and resembles a fis 
order reaction over the period covered by this experiment. 

Effect of pH on Benadryl Degradation—0.9 gm. portions of rat liver wer 
weighed and minced thoroughly with a razor blade. The minced tis 
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was transferred immediately to flasks containing 3 ml. of Tyrode's solu- 
tion, 3 ml. of borate, phosphate, or acetate buffer, 0.5 ml. (50 y) of Ben- 
adry! hydrochloride standard, and 0.5 ml. of a 1:1000 pheny!lmercuric 
lactate solution. ‘The buffers were adjusted previously to different pl 
values by the addition of acid or base. After addition of the minced 
tissue, the flasks were incubated in a 38° water bath for 2 hours, a shaking 
device being used to keep the mixtures agitated. At the end of the in- 
cubation period, the pH of each mixture was measured with a Beckman 
pH meter and a high alkali glass electrode. The solutions were then 


III 
Effect of pH on Benadryl Degradation 


Solutions of Benadryl in various buffers were incubated with minced rat liver 
st 38° for 2 hours. Acetate and phosphate buffers were used with the liver of one 
rat; asecond rat was used for the borate experiment. Final pl readings were taken 
at the end of the incubation period. The results are calculated from the decrease 
in benadryl concentration as determined by the methyl orange procedure. 


Buller Final pH Benadryl degradation 
per cent 
acetate 3.0 0 
0) 
5.3 
).067 Mm phosphate Hh. 29 
0.067 4.4 66 
borate 6.0 Ho 
SS 
8.9 24 


heated in a boiling water bath for a few minutes to destroy enzyme ac- 
tivity. Control tests showed that Benadryl was not destroyed by heating 
under these conditions. ‘The contents of each flask were then homogenized, 
made alkaline, extracted with heptane, and analyzed for Benadryl by the 
~_ extraction technique (4). The results are presented in Table 

The optimum pH for the enzymatic degradation of Benadryl appears 
to be in the physiologic range. Inasmuch as different liver preparations 
and different buffers were used in these experiments, no attempt was made 
to define the optimum pH with greater accuracy. 

Effect of Enzyme Inhibitors—3 gm. portions of minced rat livers were 
suspended in 5 ml. of T'yrode’s solution, and 1 ml. of various enzyme in- 
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hibitors was added. When necessary, the pH was readjusted to 74 
Gases were introduced by bubbling through the mixture for several minutes, 
and the flasks were tightly stoppered. After addition of the inhibitor, | 
ml. of a solution of Benadryl hydrochloride (50 y) was added to each 
flask. The mixtures were incubated at 38° for 2 hours with mechanic! 
agitation. After homogenizing and extracting with heptane, Benadry| 
was determined by the methyl orange procedure (4). The results ar 
presented in Table IV. 

Very marked inhibition was produced by reducing agents such as cys. 
teine, hydroxyamine, and hydrogen sulfide. TIodoacetate and azide showed 
strong inhibition, but cyanide and carbon monoxide had little effect. The 


Tasie IV 
Effect of Inhibitors on Degradation of Benadryl 
Benadryl hydrochloride was incubated with minced rat liver in Tyrode’s solution 
with various inhibitors added. At the end of the incubation period, samples wer 


heated to stop enzyme action and analyzed for Benadryl by the methyl orange 
procedure. 


Inhibitor Unchanged Benadryl 
per cent original 

Cysteine (0.050 m) 90 
Hydrogen sulfide... 73 
Hydroxylamine (0.050 m).. 59 
lodoacetic acid (0.001 mM)... 60 
Sodium azide (0.002 m) 50 
Carbon monoxide. 1-20 
Hydrogen peroxide (0.050 Mm). . 7 
Sodium cyanide (0.002 m)._.. 4-8 

0 


fluoride (0.0024 m). 


greatest degree of inhibition, however, was obtained in a nitrogen atmos 
phere. Displacement of the air by nitrogen resulted in complete cessation 
of activity, as measured by quantitative recovery of Benadryl.  Incor- 
poration of hydrogen acceptors such as methylene blue had no effect o 
this inhibition. Similar results were obtained with other inert gases. 


Molecular oxygen therefore appears to be essential for the enzymati 
degradation of Benadryl. 


DISCUSSION 


Liver appears to be the principal site of Benadryl degradation, althougi 
rat lung and kidney are also active. No attempt was made to establish 
the precise activity of each tissue, but certain species differences are 2 


dicated in Table I. The lower activity of guinea pig lung and spleen may — 
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account for the higher concentrations of Benadryl found in guinea pig 
tissue (5). 

The disappearance of the methy! orange color reaction is strongly indica- 
tive of the loss of basic properties. Such a condition might occur through 
rupture of the ether linkage, yielding dimethylaminoethanol and benzo- 
hydrol. Neither of these compounds gives any color with methyl orange, 
following double extraction into ethylene dichloride via heptane and 0.1 
x HCl, although Benadry! is extracted quantitatively by this procedure 
(4). Way et al. (2) have presented evidence for the presence of some 
degradation products which react with methyl orange, but our results 
indicate that the major degradation products do not interfere with the 
determination of Benadryl! by the double extraction procedure. 


SUMMARY 


The basic properties of Benadryl are lost through the action of a tissue 
enzyme system which is partly characterized. ‘The liver appears to be 
the best source of this enzyme, with some activity observed in lung and 
kidney tissue. The reaction appears to be monomolecular, with the 
optimum pH in the physiologic range. Oxygen is required for the reac- 
tion, and various reducing agents are shown to act as inhibitors. 
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COMPETITIVE ANTAGONISTS OF THYROXINE AND 
STRUCTURALLY RELATED COMPOUNDS* 


By EARL FRIEDENT ano RICHARD J. WINZLER 


(From the Department of Biochemistry and Nutrition, University of Southern 
California School of Medicine, Los Angeles) 


(Received for publication, October 6, 1948) 


Woolley (1) has prepared a number of ethers of N-acetyl-3 ,5-diiodo- 
tyrosine and found them to interfere with various effects of thyroxine on 
amphibian larvae. Some of Woolley’s observations were confirmed and 
extended by Winzler and Frieden (2) and by Williams et al. (3). 

It is the purpose of this report to investigate the competitive nature of 
several thyroxine inhibitors and to determine the structural requirements 
forand the specificity of the inhibition of thyroxine and its active analogues, 


Materials 


0-Benzyl-3 ,5-diiodo-pL-lyrosine gm. of O-benzyl-N-acetyl-3,5- 
diiodo-L-tyrosine, m.p. 87-90°,' prepared as described by Woolley (1), 
were refluxed overnight in | liter of 1 N NaOH. The solid which precipi- 
tated at pH 5 was extracted with hot 0.2 n HCl, which when cooled yielded 
the crystalline hydrochloride of I. Free I, m.p. 203-205° with decom- 
position, was obtained in 30 per cent yield by dissolving its hydrochlo- 
ride in dilute alkali and adjusting the pH to 5. The product gave a posi- 
tive ninhydrin, but a negative Kendall, test for orthodiiodophenols. The 


above recrystallization process was repeated on a sample used for ele- 
mentary analysis. 


CysH,,O,NIy. Calculated, C 36.7, H 2.9; found, C 36.9, H 3.0 


4-Benzylory-3 ,5-diiodobenzoic Acid (I1)—3,5-Diiodo-4-hydroxybenzoic 
acid, m.p. 275-277°, was prepared in 50 per cent of the theoretical yield 
irom 4-hydroxybenzoic acid (Eastman Kodak, m.p. 214.5-215.5°) (4). 
1) gm. of the iodinated phenol were dissolved in 60 ml. of 1 N NaOH, 
teated on a boiling water bath, and treated dropwise with 11.9 gm. of 


* We wish to express our appreciation to Eli Lilly and Company and to the Com- 
mittee on Research in Endocrinology of the National Research Council for their 
support of this work, as well as to the Hancock Foundation for the facilities that 
vere made available. Contribution No. 190 from the Department of Biochemistry 
sad Nutrition, University of Southern California. 

t Some of the data were taken from a thesis presented by Earl Frieden to the Grad- 
uate School of the University of Southern California in partial fulfilment for the re- 
quirements for the degree of Doctor of Philosophy. 

‘All melting points are corrected. 
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benzyl chloride. A heavy white precipitate of the sodium salt of II was 
formed on complete cooling, after the removal of a tarry by-product op 
preliminary cooling. II was generated by acidifying a suspension of the 
isolated salt. Two reerystallizations from a water-methanol mixture pe. 
sulted in a 20 per cent yield? of Il, m.p. 227-228", which gave « negative 
Kendall test. 


CyuHypOsk Calculated, C 35.0, I 52.9; found, C 35.2, I 52.9 


3 Acid--10 gm. of 3,5-diiodo- 
4-hydroxybenzoic acid were dissolved in 85 ml. of 0.7 N methanolic NaOH 
und treated with 6.1 gm. of p-nitrophenylethyl bromide, m.p. 64°, pre. 
pared as described by Woolley (1). The mixture was refluxed for 2 hours 
and concentrated to dryness under a vacuum, and the residue was thor- 
oughly washed with 200 ml. each of warm water and ethyl ether. The 
washed residue was suspended in 100 ml. of water, the pH adjusted to 
2.5 + 0.5 with HCl, and the mixture heated for 2 hours. The resulting 


washed solid was twice recrystallized from an ethanol-water mixture, giv- | 


ing a 20 per cent yield of the ether, m.p. 219-220°, which gave a negs- 
tive Kendall test. 


CyHyOsNIy. Calculated, C 33.4, N 2.6; found, C 33.4, N 2.5 


3 (11[)—The preparation of II] 
from 3,5-diiodo-4-(4’-methoxyphenoxy )-nitrobenzene was accomplished by 
adapting a procedure of Block and Powell (5) instead of the earlier method 
of Harington and Barger (6). 10 gm. of the nitro compound were sus 
pended in 200 ml. of a 50 per cent ethanol solution containing 10 ml. ¢ 
glacial acetic acid. 5 gm. each of 30 mesh iron filings and iron powder 
were added, and the mixture refluxed for 3 hours. The alcohol was re 
moved by distillation, and the residue was cooled and repeatedly extracted 
with a total of 300 ml. of boiling benzene. Concentration of the benzene 
solution to about 150 ml. and the addition of 80 ml. of petroleum ether 
gave, with scratching, 75 to 80 per cent yield of III, m.p. 121-122°. 

3 ,5-Diiodo-4-(4'-hydroryphenory)-aniline (I1V)—5 gm. of III were r 
fluxed for 2 hours in 40 ml. of glacial acetic acid and 50 ml. of 42 per cen! 
HBr. After diluting with 1 volume of water and cooling overnight, 4 
brownish impurity was removed by filtration. Further dilution of the 
filtrate with 1 additional volume of water gave a 60 per cent yield of the 


24 60 per cent yield of II has been obtained subsequently by treating the d 
potassium salt of 3,5-diiodo-4-hydroxybenzoic acid with 6 equivalents of benty! 


chloride in hot 50 per cent ethanol and hydrolyzing the resulting benzyl ester of H 


with dilute NaOH. 
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hydrobromide of IV. Pure IV, m.p. 221.5-223.5°, was obtained by erys- 
tallization of its neutralized salt from 95 per cent ethanol. 


Calculated, C 31.8, N 3.1; found, C 32.0, N 3.0 


3,5-Diiodo-4-anisic acid was prepared as described by Wheeler and 
Liddle (7), m.p. 257-258°, compared to the reported melting point of 
255-256°. 4-Benzyloxybenzoic acid was synthesized by essentially the 
same procedure described for the corresponding 3 ,5-diiodo derivative. A 
30 per cent vield of crude product melting several degrees below the re- 
ported value of I8S-190° was obtained. 

N-Acetyl-pL-thyroxine, 3 ,5-diiodo-4-(4’-hydroxyphenoxy )-benzoic acid, 
3,5-diiodo-4-(3" ,5’-diiodo-4’-hydroxyphenoxy )-benzoie acid, N-acety]-3 ,5- 
diiodo-L-tyrosine, and the glycine homologue of thyroxine were obtained 
as described in a previous report (8). 2-Thiouracil and 2-mercaptoimida- 
wle were kindly contributed by Eli Lilly and Company, Indianapolis, 
Indiana. 3,5-Difluoro-4-methoxyphenol and 3,5-dichloro-4-anisie acid 
were obtained through the generosity of Dr. J. F. Mead, Atomic Energy 
Project, University of California at Los Angeles. pi-Thyroxine was pro- 
vided by Dr. K. W. Thompson of Roche-Organon, Inec., Nutley 10, New 
Jersey. All the other compounds tested were the best available grade 
obtainable from the Eastman Kodak Company. 


Methods 


The effect of thyroxine and compounds possessing thyroxine-like activity 
on amphibian metamorphosis afforded a convenient system for the study 
of compounds for thyroxine antagonism. The technique employed in 
these studies wus similar to that described in previous work on the thy- 
roxine-like activity of compounds structurally related to thyroxine (8). 
Duplicate dishes containing a solution of the active compound and the 
inhibitor were brought to a final pH of 8.0 + 0.5 prior to introducing the 
tadpoles. In so far as possible, tadpoles of the same history, of the same 
relative nutritional state, and of the same length or pooled groups of length 
varying no more than 2 mm. were employed. 


Results 


Competitive Inhibition of Thyrorine—The results shown in Tables I to 
III summarize several of many experiments and indicate a competitive 
antagonism between thyroxine and a number of related compounds. 

In Table I the action of thyroxine in inducing the metamorphosis of tad- 
poles is observed to be inhibited by O-benzyl-N-acetyl-3 ,5-diiodo-L-tyro- 
sine, a compound reported by Woolley (1) to antagonize the toxicity of 
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thyroxine to tadpoles. The thyroxine effect is reduced by 50 per cent when 
the molar ratio of inhibitor to thyroxine is about 550, regardless of their 
absolute concentrations. 

Table II shows that O-benzy!-3 ,5-diiodo-pL-tyrosine is some 5 times 
more effective a thyroxine antagonist than its N-acetyl derivative, the 
molar ratio of inhibitor to thyroxine necessary to reduce the thyroxine 


I 
Competitive Inhibition of Thyroxine by 


Per cent decrease in length after 72 hrs. incubation 
O-Benzy1-N -acetyl-3, 5-diiodo-L- 


tyrosine pi-Thyroxine per ml.* 
0.25 0.50 0.75 1.00 1.25 
per mi. | 
0 Pee 47 60 60 60 
62.5 | 19 45 55 56 55 
125 37 45 47 50 
250 11 16 25 35 43 
375 | 6 13 20 30 35 
500 | 12 19 25 29 
750 8 17 17 25 
(1/T) som, weightt .......... 500 400 300 375 400 
(I/T) sem molart........... 688 550 412 515 550§ 


* No detectable difference in length from untreated controls was observed during 
the reported incubation period at all the indicated concentrations of the inhibitor 
in the absence of thyroxine. 

t Ratio by weight of inhibitor to thyroxine required for reduction of thyroxine 
effect by 50 per cent. : 

¢ Molar ratio of inhibitor to thyroxine required for reduction of thyroxine effect 
by 50 per cent. 

§ This value of (J/T) at highest inhibitor concentration is used in subsequent dis- 
cussions because it is least affected by unsaturation of the system with respect to 
inhibitor or thyroxine. 


effect by one-half being about 37. This is in accord with previous obser- 
vations (8, 9) that N acetylation reduced thyroxine-like activity. 

The observation of gradually decreasing ratios with increasing thyroxine 
concentrations shown in Table IT is in agreement with calculations made 
from the competitive inhibition equation of Lineweaver and Burk (10 
for the relatively non-saturating ranges of concentrations of inhibitor and 
thyroxine used in the experiments reported in this paper. Further vertl- 
cation of the competitive nature of this type of antagonism appears In 
Fig. 1, A and B. A direct plot of per cent decrease in length against thy- 
roxine concentration gives with increasing inhibitor a series of curves with 
a progressively decreasing effect at the same level of thyroxine (Fig. 1, 4). 
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Competitive Inhibition of Thyroxine by O-Benzyl-3 


Per cent decrease in length after 63 hrs. incubation 


0-Benzy!-3, 5-diiodo-pL-tyrosine 


| 0.25 
y per ml. 
0 | 28 
1.25 2S 
2 fu) 24 
12.5 15 
25.0 10 
ri 
125 4 
2) 3 
U/T weight 


See corresponding foot-notes to Table I. 


pi-Thyroxine per ml. 


0.50 y 


46" 


30 
45 


1.00 + 


51° 
16* 
44° 


42” 


* Indicates S) to 100 per cent died several hours prior to observation time. 


protective action of this inhibitor against higher concentrations of thyroxine is thus 


clearly established. 


Ill 


Competitive Inhibition of Thyroxine by 4-Benzylory-3 ,5-diiodobenzoic Acid 


Per cent decrease in length after 69 hrs. incubation 


+Benzyloxy- §.diiodobensoic acid 


0.15 ¥ 0.30 ¥ 
per mi 

19 3U 

0.50 vi 23 

1.00 S 10 

2.50) 4 

5.00 2 4 

7.50) 2 4 

10.0 

sy weight 6 5 
(1/T) sor: molar 9.5 S 


pi-Thyroxine per ml. 


See the corresponding foot-notes to Table I. 


"Indicates toxicity of inhibitor dose. 


A graph of 100 E against the reciprocal of the molar concentration of 
Dl-thyroxine as shown in Fig. 1, B, where E is the per cent decrease in 
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length at constant time, vields a family of lines with a common intercept 
and slope increasing with increasing amounts of inhibitor, characteristic 
of competitive inhibition (10). Non-competitive inhibition would give 
lines of variable intercept as well as variable slope. 

The recent observation (8) that the carboxylic acid analogue’ of thyroxine 
has a thyroxine-like activity of about 10 per cent of that of thyroxine 
suggested the investigation of ethers of 3 ,5-diiodo-4-hydroxybenzoic acid. 
The benzyl ether proved to be the most potent competitive inhibitor of all, 
the data in Table III indicating that molar ratios of inhibitor to thyroxine 


60 16— / 
| = NO WHIBITOR 
12.5 m 
500%, as 
15 126.0 Yay. 


THYROXINE 10 
Fia. 1, A Fig. 1, B 


Fic. 1, A. The effect of increasing concentrations of O-benzy!-3,5-diiodo-pL- 
tyrosine on the response of tadpoles to pL-thyroxine concentration. 

Fie. 1, B. The reciprocal of the observed effect as measured by the per cent de- 
crease in the length of tadpoles plotted as a function of the reciprocal of the molar 
concentration of pL-thyroxine for various levels of O-benzyl-3, 5-diiodo-pL-tyrosine. 


of 8 produced a 50 per cent reduction in thyroxine effect. The toxicity 
of this compound prevented its use at concentrations above those listed. 
The methyl and p-nitrophenylethyl ethers of 3 ,5-diiodo-4-hydroxybenzoic 
acid required molar ratios of 150 and 75, respectively, to produce the same 
antagonism. ‘The importance of the 3,5-iodines was indicated by the 
failure of 4-anisic acid and 4-benzyloxybenzoic acid to inhibit appreciably 
at molar ratios of 500 and 350, respectively. 

Inhibition of Compounds with Thyroxine-Like Activity—The inhibition 


by thyroxine antagonists of the thyroxine-like activity of compounds | 


* This designation has been preferred to the ‘‘benzoic acid analogue’’ nomenclature 
used to denote the same compound in a previous publication (8). 
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with altered acid side chains was also observed. The action of the car- 
boxylic acid analogue of thyroxine, 3,5-diiodo-4-(3’ ,5’-diiodo-4’-hydroxy- 
phenoxy)-benzoic acid, was competitively reduced by thyroxine an- 
tagonists at molar ratios similar to those for thyroxine. This is illustrated 
in Table IV which shows that the antagonism by O-benzy]-3 , 5-diiodo-pL- 
tyrosine of the thyroxine-like activity of the carboxylic acid analogue re- 
quires a molar ratio of 36 to diminish the thyroxine effect by 50 per cent. 
Ratios of 5 and more than 400, respectively, were required for a similar 
effect on the activity of this compound by 4-benzyloxy-3 , 5-diiodobenzoic 
acid and O-benzyl-N-acetyl-3 , 5-diiodo-L-tyrosine. 


Tasie IV 
Competitive Inhibition of Thyroxine-Like Activity of 3,5-Diiodo-4-(3' ,5'-diiodo-4'- 
hydroryphenory)-benzoic Acid by O-Benzyl-8,5-diiodo-pL-tyrosine 


Per cent decrease in length after 72 hrs. incubation 


3, $-Diiodo-4-(3°, ghenoxy)-benzoic acid per ml. 
| 0¥ 2.5 ¥ 7.5 10.0 
A 
per ml. 
cad 0 0 29 46 50 52 
6 10.0 0 25 42 49 52 
R 25.0 0 21 38 42 48 
50.0 0 18 34 40 44 
— 100.0 0 13 27 33 38 
200.0 0 11 17 20 29 
(I/T)se% weight ........... 35 30 22 25 
molar...... 5O 43 32 36 


See the corresponding foot-notes to Table I. 


No inhibition of the thyroxine-like activity of 3 ,5-diiodo-4-(4’-hydroxy- 
phenoxy )-aniline was observed with any of the above thyroxine antago- 
nists even at molar ratios greater than those which reduced the activity 
of thyroxine to less than 50 per cent as indicated in sample data reported in 
Table V. 

Specificity of Thyroxine Inhibition——The specificity of the inhibition of 
thyroxine by the type of competitive inhibitors described in previous para- 
graphs was tested by administering simultaneously with pL-thyroxine a 
dumber of compounds, including structurally related, goitrogenic, and 
polyfunctional substances. The thyroxine was used at a concentration of 
050 y per ml. which, when given alone, resulted in a decrease in length of 


$45 per cent in 3 days incubation at 31° + 1°. A compound was con- 
| duded to be without inhibitory effect when the thyroxine response was 
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not altered by more than a 10 per cent decrease in length. The maximum 
concentration of potential inhibitor was determined by its toxicity, by its 
water solubility at pH 8.0 + 0.5, and finally by a level just below activity 
in case the compound itself exerted thyroxine-like activity (e¢.g., N-acetyl 
thyroxine, etc.). A high specificity for thyroxine antagonism was indi- 
cated by the fact that none of the following compounds inhibited the effeet 
of thyroxine when tested at the maximum possible molecular ratios listed: 


TABLE V 


Absence of Effect of Thyroxine Inhibitors on Thyroxine-Like Activity of 
8 


Inhibitor Molar ratio*® in 
‘ | | oxy )-aniline | lengtht 
per mi. per mi. 
12 O - Benzyl - N - acetyl- 1) 1.0 0 55 
3,5 - diiodotyrosine 250 1.0 200 55 
1.0 400 55 
4- Benzyloxy -3,5- di- | 0 1.0 0 55 
iodobenzoic acid | 5.0 1.0 4.5 56 
7.5 1.0 6.8 54 
19 O - Benzyl - 3,5 - di- 0 1.0 0 45 
iodotyrosine 10 1.0 8.6 42 
25 1.0 
50 1.0 43 | 45 
100 1.0 86 45 
| 200 1.0 | 172 45 
| | 50 
| 10 | 2.0 4.3 | 45 
25 | 2.0 11 45 
50 2.0 22 42 
100 2.0 43 52 
200 2.0 86 45 


* Molar ratio of inhibitor to thyroxine-like, active compound. 
+ The incubation time in these experiments was 80 + 5 hours. 


N-acetyl-pL-thyroxine, 10; 3 ,5-diiodo-4-(4’-hydroxyphenoxy )-benzoic acid, 
15; 3,5-diiodo-4-hydroxybenzoic acid, 1000; 3 ,5-difluoro-4-methoxyphenol, 
440; 3.5-dichloro-4-anisic acid, 350; 2-amino-3 ,5-diiodobenzoic acid, 100; 
L-tyrosine, 2000; N-acetyl-3 , 5-diiodo-L-tyrosine, 1600; 4-fluorobenzoic acid, 
5000; 4-anisic acid, 500; 3-hydroxybenzoie acid, 280; salicylic acid, 1700; 
4-aminobenzoic acid, 2830; 4-iodobenzoie acid, 1560; 4-anisidine, 3150; sul- 
fanilic acid, 1350; sulfanilamide, 2250; benzoic acid, 6300; benzy! alcohdl, 
1800; 2-thiouracil, 2400; 2-mercaptoimidazole, 1550; ascorbic acid, 1770; 
sodium iodide, 5000; malonic acid, 750; acetonitrile, 350. 
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DISCUSSION 


Table VI summarizes the experiments involving all pairs of thyroid- 
active and antagonistic compounds. Considerable modification of the 
structure of thyroxine has resulted in the production of potent competitive 
antagonists. 


VI 
Summary of Inhibition of Thyrozine-Like Active Compounds in Amphibia 
Thyroxine-like compound Inhibitor® | 1/T) t | Comment 
pL-Thyroxine A 37 Competitive inhibition, see 
Table II, Fig. 1 
B 550 Competitive inhibition, see 
Table I 
Cc Competitive inhibition, see 
Table III 
D 75 Competitive inhibition 
Glycine homologue of thy- B 650 | Probably competitive inhibi- 
roxine tion 
C 10 Probably competitive inhibi- 
tion 
Carboxylic acid analogue A 36 Competitive inhibition, see 
of thyroxine Table IV 
B 400 Competitive inhibition, toxie- 
ity of B prevented testing at 
higher ratios 
= C 5 Competitive inhibition 
3,5 - Diiodo - 4 - (4’ - hy- A Noinhibition at 172, see Table V 


droxyphenoxy ) -aniline 


*Inhibitors are designated A, O-benzyl-3,5-diiodo-pL-tyrosine; B, O-benzyl-\- 
wetyl-3,5-diiodo-L-tyrosine; C, 4-benzyloxy-3, 5-diiodobenzoic acid; D, 3,5-diiodo- 


+\p-nitrophenylethoxy)-benzoic acid; E, 3,5-diiodo-4-anisic acid. 


+The value of (J/7') at highest inhibitor concentration is used in this column, 


since this value is least affected by unsaturation of the system with respect to inhibi- 
thyroxine. 


A most interesting finding is that these antagonists appear to have the 
ame lack of specificity with regard to the side chain that has been pre- 
viously described for thyroxine-like activity (8). Modification of the other 
‘ad of the molecule, however, has very pronounced effects on both thyrox- 
ae-like activity and antagonism. If it is assumed that thyroxine acts as 
4coenzyme or a prosthetic group in an enzyme or family of enzymes, these 

may suggest that the thyroxine molecule associates with an enzyme 
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by means of its side chain and exerts its function by means of the ortho. 
diiodohydroxypheny! ether structure at the opposite end of the molecule. 
Niemann ef al. (11, 12) likewise have suggested an active locus of the mole- 
cule by the formation of a quinoid resonance form involving the phenolic 
hydroxyl group and the ether oxygen. The observation that several potent 
antagonists of thyroxine and its acid analogues have no influence on the 
thyroxine-like action of 3 ,5-diiodo-4-(4’-hydroxyphenoxy )-aniline can most 
readily be interpreted as an indication that this thyroid-active substance 
combines with different groups, perhaps of opposite polarity at physio- 
logical pH values, in the postulated enzyme system than do the thy- 
roxine-like active compounds with acidic side chains. 

In earlier work (8) it was not possible to determine whether or not cer- 
tain thyroid-active compounds were independently active or were con- 
verted to thyroxine. If such compounds were converted to thyroxine, 
molar ratios necessary to reduce the thyroxine-like effect to one-half would 
be lower in the case of the less active compound. Table VI indicates the 
similarity of such molar ratios for thyroxine as compared to the carboxylic 
acid analogue. No influence on the thyroxine-like activity of 3 ,5-diiodo- 
4-(4’-hydroxyphenoxy)-aniline was observed for even larger molar ratios. 
It is, therefore, suggested that these two compounds are not converted to 
thyroxine to exert their action on Amphibia. 


SUMMARY 


Several derivatives of 3,5-diiodotyrosine and of 3 ,5-diiodo-4-hydroxy- 
benzoic acid have been prepared and observed to inhibit competitively the 
effects of thyroxine on amphibian metamorphosis. The respective benzy! 
ethers of 3 ,5-diiodo-4-hydroxybenzoic acid and of 3 ,5-diiodotyrosine were 
found to reduce the effect of thyroxine by 50 per cent when the molar ratio 
of the inhibitor to thyroxine was 8 and 37 respectively. The specificity 
of this inhibition was demonstrated by the inability of many other sub- 
stances to produce any inhibition at much higher molar ratios. 

The benzyl ethers of 3,5-diiodotyrosine and of 3,5-diiodo-4-hydroxy- 
benzoic acid also proved to be competitive inhibitors of the thyroxine-like 
active compound, 3 ,5-diiodo-4-(3’ ,5’-diiodo-4’-hydroxyphenoxy)-benzoic 
acid. This inhibition was achieved at molar ratios similar to those ob- 
tained with thyroxine. However, these inhibitors had no effect upon the 
thyroxine-like activity of 3 ,5-diiodo-4-(4’-hydroxyphenoxy)-aniline at very 
high molar ratios. The fact that concentrations of inhibitors which re- 
duced the effect of thyroxine appreciably did not alter the activity of these 
thyroxine-like compounds indicates that they are not converted to thyrox- 
ine for activity. 

Assuming that thyroxine-like active compounds act by virtue of serving 
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as a prosthetic group or coenzyme for some enzyme system or systems, this 
and other recent evidence suggests that the side chain of thyroxine serves 
as an enzyme-associating locus, while the orthodiiodohydroxyphenyl! ether 
group acts as an “‘‘active”’ or “functional’’ locus of the molecule. 


We are greatly indebted to Joy Levin Forrester for assistance in per- 
forming the syntheses described, and to Elizabeth V. Tukich for assist- 
ance in the biological tests. 
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THE CARBOHYDRATE METABOLISM OF TRYPANOSOMA 
HIPPICUM* 


By STEWART C. HARVEYt 
(From the Department of Pharmacology, University of Chicago, Chicago) 


(Received for publication, November 17, 1948) 


Investigations into the nature of carbohydrate metabolism of Trypa- 
nosoma hippicum have been undertaken with a two-fold purpose: (1) to 
gather further information concerning the comparative biochemistry of 
trypanosomes, and (2) to ascertain whether there are detectable metabolic 
differences between normal and arsenic-resistant trypanosomes. 

Considerable differences seem to exist among several species of trypa- 
nosomes as regards their metabolism. Glucose is mainly converted into 
the 3-carbon pyruvic acid by 7. equiperdum (1, 2) and T’. evanst (3), while 
T. lewist (2, 4, 5) produces the 4-carbon succinic acid, the 3-carbon pyruvic 
and lactic acids, and several 1- and 2-carbon fragments, apparently utilizing 
carbon dioxide in the process. 7’. rhodesiense (6) also forms succinic acid 
and a host of other products, but the r.q. (7) is much lower than that of T. 
lewisi. Unlike other species of trypanosomes, 7’. cruzi (8) is thought to be 
relatively independent of sulfhydryl enzymes. Phosphorylating mecha- 
nisms for the degradation of glucose have been claimed for 7’. equiperdum 
9) and 7. evanst (3). Most trypanosomes appear to be able to utilize 
glycerol. Arsenic-resistant trypanosomes have been reported not to differ 
fom normal strains with respect to the balance of substrate oxida- 
tion (2, 6). 

The present report shows that 7. hippicum resembles T’. evansi and T. 
quiperdum. Certain features of the metabolism of this hemoflagellate 
may be of general biochemical interest. Work with an arsenic-resistant 


strain of the parasite has offered no evidence for a metabolic basis of arsenic 
resistance. 


EXPERIMENTAL 


Analytical Methods 


Measurements of gas exchange were made manometrically at 38° with a 
Bareroft-Warburg constant volume respirometer by the methods of Dixon 
10). Respiratory quotients were determined by the direct method wherein 

*This investigation was supported by a grant-in-aid from the United States 
Public Health Service. 

tRoche Anniversary Foundation Fellow in Pharmacology, 1947-48. Present ad- 
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vessels contained potassium hydroxide in the center wells for the measure. 
ment of oxygen consumption, while duplicate vessels without potassium 
hydroxide were simultaneously employed for the measurement of the sum 
of oxygen consumption and carbon dioxide production. Initial and re- 
tained carbon dioxide was determined in control and test vessels, respec- 
tively, by the addition of acid from the side arm at the appropriate times. 

Acid production was measured by the displacement of carbon dioxide from 
bicarbonate contained in the suspension medium, with corrections for 
carbon dioxide retention from the method described above. 

In the experiments on the balance of substrate oxidation glucose was 
determined by the method of Nelson (11). In all other experiments the 
Folin-Malmros method (12) was used. Fructose was analyzed according 
to Roe (13). Pyruvate and total hydrazones were measured as outlined by 
Friedemann and Haugen (14), while lactic acid was determined by the pro- 
cedure of Barker and Summerson (15) modified according to Speck, 
Moulder, and Evans (16). 

Glycerol was measured by a method developed in this laboratory after the 
Hovey-Hodgins qualitative test (17). To a sample of 1.8 ml. of the 
trypanosome suspension were added 0.2 ml. of 20 per cent copper sulfate 
and 0.2 gm. of calcium hydroxide. After the solution had stood at room 
temperature for 2 hours, the insoluble matter was removed by centrifuga- 
tion. To 1.5 ml. of the clear supernatant fluid was added 1.0 ml. of 0.1 
per cent 2,4-dintrophenylhydrazine in 4 N hydrochloric acid. At the end 
of 10 minutes the reaction mixture was vigorously extracted with five 5 ml. 
portions of redistilled xylene. 1 ml. of the colorless aqueous layer was 
removed to a colorimeter tube to which were then added 1.0 ml. of fresh 
10 per cent catechol and 3.0 ml. of concentrated sulfuric acid. The tube 
was then placed in a sulfuric acid bath at 140—-145° for 10 minutes, and the 
development of a pink color ensued. At the end of the incubation period 
the tube was cooled in ice water. Colorimeter readings (IKlett-Summerson) 
were made by use of a green filter having a maximum absorption at a 
wave-length of 540 mu. 40 to 200 y of glycerol may be determined by this 
method, and the optical density is directly proportional to the concentra- 
tion of glycerol in this range. Glucose, pyruvate, and lactate give a color 
with the reagent; glucose is removed by the lime and pyruvate by the 
extraction of the dinitrophenylhydrazone. Lactate was not present in 
the experimental samples. 

The phosphorylated intermediates and related esters were analyzed accord- 
ing to Procedure B outlined by Umbreit, Burris, and Stauffer (18), with 
all the analytical methods recommended by them. Glycerophosphates 
were determined by the method of Leva and Rapoport (19) with the modif- 
cation of LePage (20). Subsequent analyses of simpler mixtures, in which 
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one or more of phosphate, adenosine triphosphate, triose phosphate, glu- 
cose-6-phosphate, glucose, and fructose were contained, were made by the 
same analytical methods. 

Specific enzymatic analyses and other details of experimental procedure 
will be described later. 


Propagation and Preparation of Parasites 


The parent strain of 7°. hippicum used in this investigation was kindly 
supplied by Dr. Malcolme H. Soule of the University of Michigan. The 
trypanosomes were propagated by serial transfer through Sprague-Dawley 
albino rats approximately 250 gm. in weight. The rats were fed ad libitum 
from a diet of a half-and-half mixture of bread and ground beef lungs and 
of Purina dog checkers. Transfers of the infection from rat to rat were 
regulated in such a manner that death of the animal occurred in 2 or 3 days. 

When the infection in the rat rose above 500,000 trypanosomes per ¢.mm. 
of blood, the trypanosomes were harvested by decapitating the rat and 
collecting the blood in | ml. of heparinized Krebs-Ringer-phosphate solu- 
tion, pH 7.4 (21). Differential centrifugation of 8 minutes duration (1500 
n.p.M., head radius 12.5 em.) was begun immediately. For whole cell 
preparations the white trypanosome layer was siphoned off into 10 ml. of 
the chilled experimental suspension medium and recentrifuged. Further 
washings were made if necessary. The trypanosome layer was then 
siphoned into 8 volumes of the suspending medium. Suspensions prepared 
in this manner contained 2 to 10 X 10° parasites per ¢.mm. Lysates 
were prepared by washing with chilled isotonic saline and finally siphoning 
into 8 volumes of distilled water. 


Results 
General Metabolic Properties of Whole Cell Preparations 


Optimal Conditions of Concentration and Population—In the following 
work 3 ml. of Krebs-Ringer-phosphate solution were the selected suspension 
medium, and the vessels were gassed with air. Center wells contained 0.2 
ml. of 20 per cent potassium hydroxide. The vessels were equilibrated 
for 10 minutes, and all determinations were run at 38°. No respiration of 
the trypanosomes was found to occur in the absence of added substrates. 
Furthermore, only quite stable preparations could survive, even in part, an 
equilibration period of 5 or more minutes if the substrate were withheld 
during that time. Techniques in which the addition of substrates or of 
parasites from the side arm was employed were thereby generally pre- 
cluded; hence from the outset trypanosomes and substrate were placed 


) together in the main compartment of the respiration vessel. 
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The relationship of oxygen assimilation to glucose concentration is illus. 
strated in Fig. 1. The initial and hourly rates are seen to be nearly linearly 
dependent upon the glucose concentration up to about 0.003 M, after which 
the curve assumes plateau characteristics, the plateau of which is stable 
beyond concentrations of 0.07 m. Substrate analyses at the end of the 
experimental period and correlation of the amount of oxygen used with 
the available glucose showed that the glucose was always in excess; so that 
the relationship shown is truly a dependence upon concentration. 

In order to determine suitable population densities to be employed in 
further experimentation, the number of trypanosomes in a vessel was 
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GLUCOSE CONCENTRATION, MX 10% 


Fia. 1. The oxygen uptake of 7. hippicum as a variable dependent upon glucose 
concentration. The suspension consisted of 3.0 ml. of Krebs-Ringer-phosphate 
solution containing 8 X 10’ trypanosomes and glucose in the indicated concentra- 
tions. The center wells contained 0.2 ml. of 20 per cent KOH. Gas phase, air; 
temperature, 38°; equilibration period, 5 minutes. 


varied between rather wide limits. A graphical representation of an 
example is given in Fig. 2 wherein data for two experimental periods of 
different length are plotted. For short periods the oxygen uptake was 
directly proportional to the number of trypanosomes, but for periods 
longer than 20 minutes the quantity of oxygen consumed reached a max- 
mum and then diminished with increasing numbers of trypanosomes. 
Since the ascending limb of the curve was linear up to about 20 X 10 
trypanosomes for a period as long as 90 minutes, 5 to 20 X 10’ trypano- 
somes in a 3.0 ml. volume seemed to be a good working range for experi- 
ments of 1 hour’s duration. In these experiments the concentration of 
glucose was initially 0.011 mM, which is more than sufficient to support the 
amount of oxygen uptake recorded. The characteristics of the curve 
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could not, therefore, be attributed to limiting quantities of the substrate, 
nor could they be correlated with changes in pH. The rate of shaking had 
no effect on the shape of the curve. 

Oxygen QuotientsUnder the most favorable conditions of population 
density and of glucose concentration stable suspensions of trypanosomes 
were found to have an initial rate of utilization of oxygen of 15 to 25 ml. 
per 10'° trypanosomes per hour. The rates fell off rapidly from the initial 
value to less than 50 per cent of the initial rate in 1 hour, even in the most 
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NUMBER OF TRYPANOSOMES X1I0~" 
Fig. 2. The oxygen uptake of 7. hippicum as a variable dependent upon popula- 
tion density. Trypanosomes in the indicated numbers were suspended in 3.0 ml. 
df Krebs-Ringer-phosphate containing 0.044 m glucose. 


2 ml. of 20 per cent KOH. 
1} minutes. 


The center wells contained 
(jas phase, air; temperature, 38°; equilibration period, 


table preparations, Only the initial quotients, therefore, approach the 
ime respiratory potential of the parasites. Since the dry weight of 10! 
iypanosomes is about 120 mg., the Q&S in Krebs-Ringer-phosphate solu- 
tion was about 170. The Q&S" (N) was about 1000. Oxygen quotients 
vere considerably higher and steadier in mammalian plasma than in arti- 
‘eial media, Q§" values in rat plasma reaching as high as 240. 

Respiration on Various Substrates —Nineteen compounds were tested for 
their ability to support the respiration of trypanosomes. Of these only 


| dyeerol seemed to be metabolized at a rate equal to or better than that 
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of glucose. 8-Glycerophosphate also gave an adequate support, being 3 
times better in this respect than a-glycerophosphate. Other phos. 
phorylated intermediates were only slightly utilized. p1L-Glycerose was 
somewhat metabolized. Neither lactate nor pyruvate, nor any of the 
tested intermediates of the tricarboxylic acid cycle, was able to support 
the respiration of the microorganisms. None of the dicarboxylic acids 
accelerated the respiration of the trypanosomes when glucose was used 
as a substrate, nor did they enable the parasites to utilize pyruvate. Data 
from experiments with the various substrates are presented in Table I. 


Taste I 
Oxygen Utilization of T. hippicum Maintained on Various Substrates 


The complete system contained 0.127 m NaCl, 0.0051 m KCl, 0.0028 m CaC,, 
0.0013 m KH,PO,, 0.0013 m MgSO,, 0.01 wm Nall,PO, of pH 7.4, 0.025 m NaHCo,, 
5 to 20 K 107 whole trypanosomes, and the substrate in the indicated concentration. 
Total volume, 3.0 ml. The center well contained 0.2 ml. of 20 per cent KOH. Gas 
phase, air; temperature, 38°; experimental period, 60 minutes. A glucose contro! 
(0.04 mM) was simultaneously run with each substrate for purposes of comparison. 


Substrate of Oxygen used 
With substrate Glucose control 
pl. pl. 
0.04 363 248 1.46 
a-Glycerophosphate ...... 0.04 44 231 0.19 
8-Glycerophosphate. ...... 0.04 70 108 0.65 
pu-Glycerose.............. 0.04 68 291 0.23 
Glucose-6-phosphate ...... 0.007 4 216 ).02 
Hexose diphosphate... .... 0.006 5 216 0.02 
Img. per ml. 14 | 260 0.05 


Acetate, gluconate, formate, oxalate, ethanol, malate, succinate, oxalacetate, 
fumarate, citrate, pyruvate, and lactate were not metabolized in concentrations of 
0.02 m. 


Effect of Respiratory Inhibitors—Table 11 shows the effect of several 
inhibitors on the oxygen utilization of trypanosomes suspended in Krebs 
Ringer-phosphate solution with added bicarbonate when glucose was used 
as a substrate. The data indicate that the parasites are quite insensitive 
to cyanide. Even 0.1 m sodium cyanide inhibited only 87 per cent and 1.0 
M inhibited 98 per cent. When glycerol was used as a substrate, very 
nearly the same degrees of inhibition were obtained. Precautions were 
taken to prevent the distillation of cyanide into the center well (18: 
Azide is even less effective as an inhibitor. High concentrations of fluo- 
ride were also needed to cause a severe inhibition, 0.1 mM sodium fluoride 
being required to inhibit respiration 83 per cent. The same order @ 
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nsensitivity was found with glycerol as a substrate. Trypanosomes 


maintained on glucose proved to be relatively sensitive to pL-glycerose, 
| Jthough it was found that pt-glycerose alone could be utilized as a sub- 


¢rate to some extent. At a concentration of 0.03 mM an inhibition of 97 
vr cent was obtained. The sulfhydryl inhibitors iodoacetate and oxo- 


| shenarsine (U.S. P.) proved to be quite potent in suppressing the oxygen 
| jtilization. Selenite and arsenate probably also exert their effect through 


ulfhydryl inhibition, arsenate first being reduced to arsenite. It is note- 


| sorthy that malonate exerted no effect at the concentration used. 


\ 
TaBLe II 
Effect of Respiratory Inhibitors on Oxygen Assimilation of T. hippicum 


The complete system contained 0.127 m NaCl, 0.0051 m KCl, 0.0028 wm CaCl., 
(013 KH2PO,, 0.0013 MgsSO,, 0.01 m NasHPO, of pH 7.4, 0.025 NaHCO,, 
(022 u glucose, 5 to 20 & 10’ whole trypanosomes, and the inhibitor in the indicated 
encentration (tipped in from the side arm). Total volume, 3.0 ml. The center 
vell contained 0.2 ml. of 20 per cent KOH, except in the case of cyanide, in which 
(1 ml. of 0.002 wm KOH and 0.1 ml. of 2 KOH were used. Gas phase, air; tempera- 
ture, 38°; experimental period, 1 hour. 


Inhibitor Concentration of 


inhibitor Per cent inhibition 
M 
1.6 X 10° 5O 
1 X 10°? 38 


Vitamins and Cofactors—None of calcium pantothenate, riboflavin, 
uotin, thiamine chloride, nicotinic acid, nicotinamide, sodium ascorbate, 
®paminobenzoic acid had any effect on the respiration of the whole cell 

Preparations when glucose was used as a substrate, nor did adenosine 
| inphosphate, triphosphopyridine nucleotide, diphosphopyridine nucleotide, 
tutathione, either singly or in combination. 


Balance of Substrate Utilization 


In order to determine the carbon balance of glucose and glycerol oxida- 
| won, the substrate and oxygen were initially and terminally measured, 
) dong with the simultaneous determination of several possible conversion 
|‘ Moducts. Pyruvate, lactate, total hydrazones, total acid, and glycerol 
| 


| 
‘Oy, 
10n 
Gas 
trol 
| 
tate, 
ns o! 
‘ 
vera 
hs- 
used 
itive 
d 1.0 
very 
were 
(8), 


442 CARBOHYDRATE METABOLISM OF T. HIPPICUM 


were analyzed. Respiratory quotients were also determined. The molar 
ratios between the various pairs of reagents and products of the trans. 
formation are presented in Table III together with the respiratory quo- 
tients. Lactate is also shown among the substrates, although the datg 
indicate that it is not metabolized. 


III 
Balance of Substrate Utilization in T. hippicum 


The complete system contained 0.127 m NaCl, 0.0051 m KCl, 0.0028 m CaCl, 
0.0013 m KH,PO,, 0.0013 MgSO,, 0.01 m NaH,PO, of pH 7.4, 0.025 m NaHCo,, 


5 to 20 XK 107 whole trypanosomes, and the substrate in the indicated concentration _ 


(tipped in from the side arm). Total volume, 3.0 ml. The center well contained 
0.2 ml. of 20 per cent KOH, except when CO; production was being measured. For 
aerobic trials pure oxygen was used, except when CO» was being measured, in which 
case 95 per cent O2-5 per cent CO, was used. For anaerobic trials 95 per cent N,.5 
per cent CO, was used. Temperature, 38°; experimental period, 60 minutes. 


Molar ratio 


Substrate | Ro. 
Be Se ae le Ble 
Aerobic 
Glucose .. 0.01-0.04 0.89 2.17 1.76 1.81 2.15! 1.83 0.07 0.19 0.0 
0.0011 1.97 2.09. 2.07 0.0 0.05 
Glycerol.... 0.02 0.95 1.10 0.99 1.03 0.93 0.0 0.0 
Lactate..... 0.01 0.0 | | 0.005 ' 
Anaerobic 
Glucose.... 0.01-0.04 | 0.9 | 0.07 


* Expressed in terms of pyruvate equivalent. 
t This is probably pyruvate interference. 


It is noteworthy that an r.q. of 0 was obtained with either glucose or 
glycerol as a substrate. From this and from the molar ratios shown, it 
appears that aerobically the transformations did not proceed beyond 
pyruvate. No hydrazone-forming keto acids other than pyruvic acid 
were found. 


At high concentrations of glucose the aerobic transformation of glucose — 
to pyruvate was not quite quantitative, the oxygen used and the pyruvate , 


produced being roughly 10 per cent less than the theoretical values based 
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upon the amount of glucose used. A trace of glycerol was also detected. 
It is felt that the lactate shown among the products in Table IIIT was 
actually pyruvate, which interfered in the lactate analysis. 

It was thought that the deviations from theoretical values might be the 
result of a more rapid anaerobic phase than the aerobic phase could sustain 
at concentrations above 0.01 mM. In order to test this possibility the carbon 
halance Was investigated at lower concentrations, in which case glucose 
became the limiting factor. Under these conditions the gas exchange was 
dificult to balance, but the data indicate that glucose was quantitatively 
oxidized to pyruvate. 

Aerobically glycerol was also shown to be quantitatively converted to 
pyruvate. The trace of pyruvate resulting from lactate is not significant. 

In the absence of oxygen glucose is nearly quantitatively degraded to 
pyruvate and glycerol. 

The effect of oxophenarsine upon the carbon balance was investigated, 
but no significant alteration in the pattern of molar ratios was noted, 
even under conditions of rather severe inhibition. 


Glycolysis in T. hippicum 


Fractionation of Phosphorylated Intermediates—-Try panosomes were thrice 
washed in cold isotonic saline solution and frozen for subsequent analysis. 
In Table IV the data are presented as micromoles of the stated compound 
per gm. of the frozen packed trypanosomes. 1 gm. of the trypanosomes 
may be considered to be roughly equivalent to 10'° microorganisms. The 
total acid-soluble phosphorus found in the parasites amounted to 20.4 
ut per gm. Adenine derivatives and other labile compounds were 
present in only small amounts, while phosphoglyceric acids and glucose- 
l-phosphate were absent. The predominant. organic phosphorus com- 
pounds were triose phosphates, glycerophosphates, and glucose-6-phos- 
phate. 

Hexokinase in T. hippicum—The presence of hexokinase was tested by 
oxygen uptake. The method is an adaptation of a principle employed by 
Slein' who measured hexokinase activity spectrophotometrically by follow- 
ing the reduction of triphosphopyridine nucleotide (TPN) by Robison 
ester dehydrogenase (Zwischenferment). Since this requires a consider- 
able amount of TPN, it was deemed practical to measure oxygen uptake, 
instead, by including vellow enzyme in the system. Only catalytic 
amounts of TPN were thereby required. ‘The results of tests carried out 
on homogenates of the parasites are shown in Table V. Hexokinase 
activity is shown by an appreciable oxygen uptake which is dependent 


‘Slein, M. J., personal communication, 
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upon glucose, adenosine triphosphate (ATP), TPN, and Zwischenferment, 
In confirmation of this, chemical analyses show that hexose diphosphate 
was formed and that considerable amounts of ATP were destroyed. The 
trypanocide, oxophenarsine, was included to show the sensitivity of the 
enzyme to sulfhydryl! inhibitors. 


Trypanosomes themselves were not found to contain Zwischenferment 


when assayed by the method of Negelein and Gerischer (22), although the 
data of Table V suggested such a possibility. 


Taste IV 
Phosphorylated Esters and Related Compounds in T. hippicum 
Fraction Compound® a 
pM per em 
Barium-insoluble Inorganic 3.9 nO 
Hexose diphosphate 0.10 2.7 
Phosphoglyceric acid 0.0 0.0 
ATP + ADP 0.03 1.2 
Barium-soluble-alco- | Phosphocreatine 0.6 8 
hol-insoluble Phosphopyruvate 0.6 s 
Glucose-1-phosphate 0.0 0.0 
Glucose -6-phosphate 1.2 16.0 
Fructose-6-phosphate 0.07 0.9 
Triose phosphate 2.4 30 
Pentose 0.07 0.9 
Adenylie acid 0.18 2.5 
DPN + TPN 0.05 2 
Glycerophosphates 2.16 29.5 


* ATP, adenosine triphosphate; ADP, adenosine diphosphate; DPN, diphospho- 
pyridine nucleotide; TPN, triphosphopyridine nucleotide. 


Adenosinetriphosphatase-—Table V shows that a considerable amount @ | 


ATP was split in the absence of glucose. That this may be attributed to 
specific adenosinetriphosphatase determined by assay according to DuBois 
and Potter (23), the results of which are given in Table VI. Calcium 
activated the enzyme, as was expected, but magnesium activated the 
enzyme to even a greater extent at the usually inhibiting concentration o 
0.009 m. Fluoride had no effect in the absence of activating ions. I 


order to test the specificity of the enzyme, a- and -glycerophosphates & 


were included as controls; no phosphate was liberated therefrom. 
Aldolase—Lysates of the microorganisms were able to convert hexose 
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diphosphate to triose phosphates. The system of Herbert et al. (24) was 
not satisfactory in this respect, and the pH of the medium, consequently, 


TaBLe V 

Herokinase Activity As Measured by Oxygen U ptake in Homogenates of T'. hippicum 

The complete system contained 0.017 a NaHCOs,, 0.5 mg. of KCN, 80 mg. of old 
vellow enzyme, 7.5 of Zwischenferment, 0.012 m glucose, 0.005 mw ATP, 12 5 of TPN, 
uw MgCl., and 0.025 mM Nak. One tube contained 6.0 of oxophenarsine. 
Total volume, 40 ml. A homogenate corresponding tol & 105 trypanosomes Was 
sdded from the side arm. Gas phase, 100 per cent O,. The center well contained 
)2 ml. of 20 per cent KOH. Temperature, 38°. The experimental period was 60 
minutes. The reaction was terminated by the addition of 0.1 ml. of 100 per cent 
trichloroacetic acid. 


System Glucose used Oxygen used | ATP® split poem Sonor 

uM uM uM uM 

Complete system 14.4 5.4 9.9 5.4 

0.4 5.8 

“ Zwischenferment 14.3 1.8 9.9 8.4 

Oxophenarsine added ....... 7.2 3.3 8.8 2.4 


*Caleulated on the basis that 1 mole of ATP will donate 2 atoms of phosphorus. 


Tasie VI 
Adenosinetriphos phatase in hippicum 


The experimental system consisted of 0.75 ml. containing in final concentration 
)W077 barbital buffer of 7.4, 0.0019 ATP (or 0.0032 m and 8-glycerophos- 
phate), approximately 5 x 107 thrice washed homogenized trypanosomes, and 
either 0.0061 a CaCl, or 0.009 m MgCl, or 0.015 mt NaF as indicated. Temperature, 
i°. The reaction was stopped at the end of 15 minutes by the addition of 0.1 ml. 
of 100 per cent trichloroacetic acid. 


System . Phosphorus ATP split ATPase (107 


trypanosomes = 1 mg.) 
Y per cent | unils per mg. 
Ce 30 17 | 6.0 
With 78 43 15.6 
130 72 26.0 
*,8-glycerophosphate control....... 0.8 | 


vas raised to 8.0. The system contained 0.01 m borate buffer of pH 8.0, 
101 m hexose diphosphate (added from the side arm), 0.033 m potassium 
luoride, 0.06 m potassium cyanide, and 0.5 ml. of a lysate of thrice washed 
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trypanosomes (about 6.4 X 10° trypanosomes). The total volume wag 
3.0 ml. Nitrogen was used for gassing the vessels. An experimental 
period of 60 minutes at a temperature of 38° was concluded by the addition 
of 0.2 ml. of 100 per cent trichloroacetic acid to each vessel. In this system 
5.6 um of hexose diphosphate were used and 8.2 yum of triose phosphate 
were formed. 

Triose Phosphate Dehydrogenase and Coupled Oxidation-Reduction—The 
system used in this analysis was adapted from one employed by Speck and 
Evans on extracts of malaria parasites (25). The presence of aldolase 
indicated that hexose diphosphate could be used for the substrate, pro- 
vided that aldolase is not the rate-determining factor in the sequence. 
Triose phosphate dehydrogenase activity is shown by the data in Table 


Tasie VII 
Triose Phosphate Dehydrogenase in T. hippicum 


The complete system of 3.0 ml. contained in final concentration 0.025 m NaHCO, 
0.01 m hexose diphosphate (tipped from the side arm), 0.0001 m diphosphopyridine 
nucleotide, 0.005 m MgCl», 0.033 m KF, 0.012 m glucose, 0.00066 m ATP (tipped in 
from the side arm), 0.01 Mm phosphate (pH 7.4), 0.012 m lithium pyruvate, and 0.5 
ml. of a homogenate of thrice washed trypanosomes (about 2.5 X 10° trypanosomes). 
Gas phase, 95 per cent N2-5 per cent CO,. Temperature, 38°; experimental period, 
60 minutes. 


System 


| COs 

aM 


VII, with an appreciable evolution of carbon dioxide which is dependent 
upon the presence of hexose diphosphate and diphosphopyridine nucleotide 
and which shows some activation by magnesium ions. The presence of 
pyruvate, however, did not seem to be necessary for the optimal function- 
ing of the system; evidently, dihydroxyacetone phosphate can oxidize 
DPNH rapidly enough to keep pace with the dehydrogenase. 

The coupling of oxidation-reduction with phosphorylation is illustrated 
in Table VIII. In the absence of phosphate there was a marked diminution 
in the production of carbon dioxide. The activity of the system was also 
diminished by withholding either ATP or glucose. In the presence of 
arsenate, however, neither phosphate, glucose, nor ATP was required. 

Triose phosphate dehydrogenase is sensitive to sulfhydryl inhibitors. 
Since oxophenarsine is chemotherapeutically of more interest than iodo 
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acetate, the furimer Was used to test the sensitivity of the system to sulf- 
hydryl inhibitors. In order to avoid equivocalities, the arsenate system 
was chosen in preference to the more complicated coupled system of Table 
VII. The data show a 53 per cent inhibition of triose phosphate dehydro- 

ase activity by oxophenarsine at the low concentration of 1.2 * 107M. 

Glycerol and Glycerophosphate Dehydrogenases—Since trypanosomes uti- 
lize and produce glycerol with facility, it seemed only likely that either or 
both glycerol or glycerophosphate dehydrogenases were operative. Gly- 
cerol, a-glycerophosphate, and 8-glycerophosphate were tested for their 
ability to reduce 2,6-dichlorophenol indophenol in the presence of trypa- 
nsome dialysates. After lysis trypanosomes were dialyzed against iso- 
tonie sodium chloride for 6 hours at 0°. The components of the Thunberg 


Tasie VIII 
Coupled Oxidation-Reduction in T. hippicum 
The complete system is identical with the above system described for triose 
phosphate dehydrogenase (Table VII). In some vessels 0.001 mM NasHAsQ, replaced 
glucose, ATP, and phosphate. In one vessel containing arsenate 1.2 X 107° M oxo- 
phenarsine was added (tipped in from the side arm). 


System | CO: 

| 


system are given in Table IX. The reduction of the dye was followed 
colorimetrically in the Klett-Summerson instrument fitted with a filter of 
maximum absorption at 660 mu. The data show that all three substrates 
were capable of promoting the reduction of the dye at approximately the 
ame rapid rate. Surprisingly, the reduction proved to be independent 
coenzyme I. 

Phosphorylation of Glycerol—-Although it was shown that non-phos- 
phorylated glycerol could be dehydrogenated, it seemed plausible that 


gycerol could enter the metabolic sequence of events through a phos- 


phorylative mechanism similar to the mode of entry of glucose into gly- 
wlysis. In order to test this possibility the system of Colowick and 
Kalckar (26) was used, except that glycerol was used in place of glucose. 
The results are expressed in Table X. Carbon dioxide evolution was 


) early dependent upon both glycerol and ATP and may be taken as evi- 


lence of the phosphorylation of glycerol. 
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Alkaline Phosphatase—At pH 7.3 a- and 8-glycerophosphates were not 
hydrolyzed (Table VI). Alkaline phosphatase, however, could be demon- 
strated at pH 9.8 by employing the same substrates. The results are 
presented in Table XI. While activity was quite definite, it was not 
marked. Magnesium ions appeared to activate the enzyme only about 
22 per cent at the concentration used. 


IX 
Glycerol and Glycero phos phate Dehydrogenases in hippicum 


The complete system contained 0.01 wt barbital buffer of pH 7.4, 0.02 w NaF, loo 
y per ml. of sodium dichlorophenol indophenol, a dialysate of approximately 2 x 
10° trypanosomes, and either 0.04 Ma-glycerophosphate, 0.04 mM 3-glycerophosphate, 
or 0.04 m glycerol. Total volume, 5.0 ml.; temperature, 23°. The rate is the 5 
minute change in seale reading of the Klett-Summerson colorimeter fitted with a 
660 may filter. 


Substrate Rate 

TaBLe X 


Phosphorylation of Glycerol by T. hippicum 
The complete system contained 0.03 mM NaHCQO,, 0.033 m NaF, 0.01 m MgCl, 
0.049 m ATP, 0.04 m glycerol, and a lysate of 2 & 108 thrice washed trypanosomes. 
Total volume, 3.0 ml.; gas phase, 95 per cent N2-5 per cent CO,. Measurements 
were made over a 30 minute period at a temperature of 38°. 


System COs 

0.0 

Other Enzymatic Assays 


It has been shown above that lactate was not assimilated by trypa- 
nosomes, nor could the parasites produce lactate from pyruvate. Further- 
more, pyruvate appeared to be completely dispensable in the triose phos 
phate dehydrogenase system. Considerable doubt, therefore, existed as 
to the presence of lactic dehydrogenase in T. hippicum. In this respect 
the Thunberg system used by Speck and Evans (25) for the assay of the 
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enzyme was employed, and the enzyme was found lacking in homogenates 
of the parasites. 

Homogenates of the microorganisms were tested also for cytochrome 
oxidase and succinic dehydrogenase by the method of Schneider and 
Potter (27). These two enzymes were not demonstrable by this method. 
Malic dehydrogenase could not be demonstrated by the method of Potter 
(28). Nor could these latter two dehydrogenases be shown by Thunberg 
techniques according to the methods of Gale and Stephenson (29) and Tam 
and Wilson (30). 

Catalase was assayed in order to determine whether trypanosomes are 
deficient in iron-containing enzymes other than the cytochromes. Py 
the method of von Euler and Josephson (31) the catalase activity was 
found to be no greater than the low value of 0.10. 


TasLe XI 
Alkaline Phosphatase in T. hippicum 
The complete system contained 0.027 m borate buffer of pH 9.8, 0.005 m MgCl,, 


0.008 mw a- and 8-glycerophosphate (52 per cent a-), and a lysate of 1.4 X 108 thrice 
washed trypanosomes. ‘Total volume, 5.8 ml.; temperature 37°; time, 1 hour. 


System _ Phosphorus liberated 


Arsenic-Resistant Trypanosomes 


An oxophenarsine-resistant strain of 7’. hippicum was compared to the 
parent normal strain. In no respect thus far studied were any significant 
differences noted between normal and resistant trypanosomes, except that 
among the respiratory inhibitors oxophenarsine was required by whole 
resistant trypanosomes in a higher (10-fold) concentration to bring about 
00 per cent inhibition of oxygen uptake. Respiratory inhibition, substrate 
utilization, and carbon balance were otherwise alike in the two strains. 
Likewise, the resistant strain lacked cytochrome oxidase, succinic, malic, 
and lactic dehydrogenases. The enzymes of glycolysis have not yet been 
studied in resistant trypanosomes. 


DISCUSSION 


From the evidence presented in Table III it appears that both glucose 


and glycerol are quantitatively oxidized to pyruvic acid as in the following 
equations. 


) 
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Cel + — 2CH,;COCOLH + 2H,0 
C,H,(OH)s + — CH,COCO.H + 21,0 


Anaerobically the transformation is 
Cell — (OH), + CH, COCO. 


In this respect 7. hippicum, T. equiperdum, and T. evansi are similar and 


may be distinguished as a group from species with more complicated _ 
metabolic schemes. It cannot be assumed, however, that these three | 


species are identical with respect to their carbohydrate metabolism. 
While it is generally stated that 7. equiperdum quantitatively oxidizes 
glucose to pyruvate, the data of Reiner, Smythe, and Pedlow show that 
the quantity of total acids produced falls short of the theoretical by some 
10 or 12 percent. Only 50 to 75 per cent of the titratable acid was demon- 
strable as pyruvic acid. In mouse blood 7. evanst does not quantitatively 
produce pyruvie acid from glucose and it is suggested that some pyruvate 
is decarboxylated (3). Certain other differences apparently exist among 
the three species. T. hippicum does not contain as much acid-soluble 
phosphorus as does T. equiperdum (32). T. evanst is quite sensitive to 
fluoride, while 7’. equiperdum (33) and T. hippicum are not. Fluoride 
also has dissimilar effects upon the adenosine triphosphatase of 7’. hippicum 
and 7’. equiperdum, inhibiting only that of the latter (9). 
Phosphorylative glycolysis is frequently taken for granted in animal 
organisms. The uncertain position of Reiner, Smythe, and Pedlow (2) 
gave rise to the general belief that phosphorylation does not occur in 
trypanosomes. Chen and Geiling, however, presented some evidence of 
phosphorylation in 7’. equiperdum (9), and Marshall demonstrated phos 
phorylated intermediates in the blood of mice infected with T. evans 


(3). Although the present report shows that phosphorylative mechanisms | 


for the degradion of glucose and glycerol exist in 7’. hippicum, an explana- 


tion of the relative insensitivity of the living parasite to fluoride remains | 


obscure, as does an explanation of the paradoxical situation wherein DL- 
glycerose may be utilized as a substrate and vet effectively inhibit the 
utilization of glucose. 

With respect to the relative distribution of the phosphorylated inter- 
mediates T. hippicum and T. evansi are similar, except that the latter i 
reported to produce considerably more ATP. It is uncertain what eriters 
were employed by Marshall as a measure of ATP. We have found the? 
minute phosphorus content of 7. hippicum to be much greater than can 
be accounted for by adenosine phosphates and other known acid-labile 
phosphates, and the figure given in Table IV is calculated from the limiting 
quantity of nitrogen found in the barium-insoluble fraction. It is to be 


expected from the method of preparation of the parasites for fractionation | 
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that the adenosine triphosphate and adenosine diphosphate content should 
be low, but it would also be expected that the adenylic acid or adenine 
content would be proportionately higher. Since this was not the case, it 
may be suggested that the living trypanosome contains ATP in small 
quantities, but this of course does not imply a functional deficiency in the 
compound. <A similar situation occurred with the pyridine nucleotides, 
wherein no correlation could be found between the amount of adenine 
nitrogen, pentose, and nicotinamide. The values reported are based upon 
nicotinamide, which was found in limiting amounts. 

The demonstration of a phosphorylative mechanism for the metabolic 
initiation of glycerol is significant but not unexpected. Gunsalus and 
Umbreit (34) have shown that Streptococcus faecalis phosphorylates glye- 
erol. It is interesting that the two glycerophosphates and glycerol 
itself can be dehydrogenated with nearly equal facility. It is important 
to note that the glycerophosphate dehydrogenase found was neither 
DPN-linked nor cytochrome-linked, which two facts distinguish this 
enzyme from glvcerophosphate dehydrogenases I and II, respectively. 
The same anomaly has been reported for S. faecalis (34). 

The manner in which electron transfer is accomplished in the absence 
of cytochrome oxidase requires elucidation. Cytochrome by-passes are 
not unknown, but they are generally too slow to account for the extremely 
rapid turnover found in trypanosomes. The cytochrome-deficient S. 
faecalis also has a high Qo,, but it differs from trypanosomes in that hy- 
drogen peroxide is an end-product (34). In view of the extreme motility 
of trypanosomes it would appear that the electron transfer system is 
fairly efficient from the standpoint of making energy available for useful 
work, 

The over-all metabolic scheme, however, is inefficient, since it utilizes 
less than 15 per cent of the available free energy of glucose. Since no 
mechanism exists for the dissimilation of pyruvate, the parasite becomes 
dependent upon the host to remove this waste and prevent autointoxi- 
cation. The host is thus able to salvage a large proportion of the energy 
originally stored in glucose. This may partially explain why a rat, for 
instance, will not show signs of infection until about 10 per cent of the 
blood volume is occupied by the parasites. 

Marshall has concluded that arsenicals act on trypanosomes by inhibit- 
ing hexokinase (3). In this investigation both hexokinase and triose 
phosphate dehydrogenase were found to be sensitive to oxophenarsine, 
but the latter enzyme was considerably the more sensitive. On the 
other hand, if the latter enzyme were primarily affected in the whole 
trypanosome, disturbances in the balance of substrate oxidation might 
be expected. This, however, was not the case. 
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Although no differences were found between normal and arsenic-resistan: 
trypanosomes In properties in which they were compared, this approach 
to the solution of the problem is by no means closed. The critical experi- 
ment of comparing the arsenic sensitivity of the sulfhydryl enzymes oj 
the two strains should contribute to a clarification of the problem. 


SUMMARY 


1. Trypanosoma hippicum was shown to oxidize glucose and glycerol 
quantitatively to pyruvic acid. Anaerobically glucose was found to be 
converted into glycerol and pyruvic acid. 

2. Glycolysis was found to conform to the Mevyerhof-Cori-Embden 
scheme, except that lactate cannot be formed. Specific enzymatic analysis 
confirmed the presence of hexokinase, adenosinetriphosphatase, aldolase, 
triose phosphate dehydrogenase with coupled oxidation-reduction, glycerol 
and a- and 8-glyccrophosphate dehydrogenases, and an alkaline phos. 
phatase. 

3. Fractionations of the acid-soluble phosphorus were made. The con- 
tent of phosphorylated intermediates was found to be low, residing prin- 
cipally in glucose-6-phosphate, triose phosphate, and glycerophosphates. 

4. Specific enzymatic analvses were unable to reveal the presence of 


cytochrome oxidase, succinic dehydrogenase, malic dehydrogenase, and 


lactic dehydrogenase. The catalase content was found to be quite low. 
No evidence of « tricarboxvlic acid evele was found. 


The author is grateful to Dr. K. P. DuBois for help and counsel ir 
connection with this work, to Dr. Ernest Kun for his kind interest and 
suggestions, and to Dr. Erie FE. Conn for rendering help and materials in 
connection with Zwischenferment. 
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DESTRUCTION OF 3-8-HYDROXY 17-KETOSTEROIDS DURING 
HYDROLYSIS WITH HYDROCHLORIC ACID* 


By JOEL BITMANT ann SAUL L. COHEN 


(From the Department of Physiological Chemistry and the Maz H. Hoffman 
Endocrinological Research Laboratory, University of Minnesota Medical 
School, Minneapolis, Minnesota) 


(Received for publication, January 24, 1949) 


Acid hydrolysis has long been used to free the urinary 17-ketosteroids 
from the water-soluble combinations in which they are excreted. Both 
hydrochloric acid (13, 5, 11) and sulfuric acid (15)' have been employed for 
this purpose. The acid treatment, while effecting relatively complete hy- 
drolysis, may also result in destruction (13, 5, 6, 3, 16), chlorine substitu- 
tion (2), dehydration (20, 4, 12), and in stereoisomeric transformations (6, 
16). 

Attempts to obviate the destructive action of acid hydrolysis have been 
made by Talbot and his associates. They described an enzymatic hydro- 
lytic procedure (18) and also a method of hydrolysis utilizing barium 
chloride at pH 5.8 (19). Their studies were conducted on urine from pa- 
tients with adrenal cortical carcinoma and adrenal cortical hyperplasia 
(18). We have investigated the BaCl, hydrolysis of the conjugated 17- 
ketosteroids in specimens of normal male urine and have obtained by this 
method a much higher 8 (C; hydroxyl cis to the Cy) methyl) fraction than 
is usually reported for normal urine. The experiments reported below 
further indicate that a large proportion of the 8-17-ketosteroids is changed 
toan “a@’’ fraction (no cis C; hydroxyl group) by the usual HCl hydrolytic 
technique. 


Methods 


Colorimetric Determination of 17-Ketosteroids—The 17-ketosteroid con- 
tent of the urine extracts was measured by the Zimmermann reaction essen - 
tially as modified by Holtorff and Koch (9). 

Preparation of Urine Extracts for Color Assay—After hydrolysis, the free 
\7-ketosteroids were extracted from the urine by the procedure of Talbot 
and Eitingon (18), CCl, being used as the extracting agent instead of ethyl 


* This work was aided by a grant from the Graduate School of the University of 

ta. 

t The data in this paper were taken from a thesis presented by Joel Bitman to the 
Graduate School of the University of Minnesota in partial fulfilment of the require- 
ments for the degree of Master of Science. 

‘Samuels, L. T., personal communication (1947). 
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acetate. The ketonic fraction was removed by the Pincus and Pearlman 
modification (14) of the Girard method and then separated into “a’’ and 
8 fractions by the digitonin fractionation method of Frame (7). 

Hydrolysis of Conjugated 17-Ketosteroids. (a) With Hydrochloric Acid~ 
The procedure of Talbot, Butler, MacLachlan, and Jones (16) was followed 
in which concentrated HCI is added to the urine in the proportion of 15 per 
cent by volume, and the mixture boiled under a reflux for 10 minutes. 

(b) With Barium Chloride——The barium chloride technique described by 
Talbot and his coworkers (18, 19) was used as such or slightly modified. 
Their procedure requires the extraction of the urine at pH 7.0 with normal 
butyl alcohol, and washing of the butanol extracts with nN NaOH and then 
with n NaAc buffer (pH 5.8). The residue obtained by removal of the 
butyl alcohol in vacuo is then dissolved in 0.1 N NaAc buffer (pH 5.8) and 
heated with BaCl, in a boiling water bath for 4 hours. After cooling, it is 
extracted with CCl, and fractionated for assay of the 17-ketosteroid frae- 
tions in the usual manner. 


EXPERIMENTAL 


Total Amount of Free 17-Ketosteroids Obtained Following BaCl, Treatment 
of Butanol Extracts of Norman Male Urine As Compared with Amount 0b- 
tained Following HCl Treatment--Butanol extracts of a number of normal 
male urine batches were subjected to the HCl and BaCl, hydrolytic tech- 
niques and the amounts of free 17-ketosteroids released by these methods 
were determined. It was found that an average of 40 per cent of the 17- 
ketosteroids which were in the butanol extracts appeared in the CCl, ex- 
tract after treatment by the BaCl, procedure, as compared with the amount 
obtained after treatment with HCl. 

The lower 17-ketosteroid values obtained by the BaCl, hydrolytic treat- 
ment is not due to a destruction of these compounds, but is due rather te 
a failure of liberation of them from their conjugates. This is shown by 
the recovery of the remainder of the 17-ketosteroids after HCl hydrolysis 
of the aqueous solutions remaining following the BaCl, treatment (non- 
BaCl,-hydrolyzable 17-ketostervids). Typical results are shown in Tablel. 

Distribution of 17-Ketosteroids Obtained Following BaCl, Treatment into 
“a’’ and 8 Fractions As Compared with That Obtained Following HCl Treat- 
ment—Butanol extracts of normal male urine were prepared and hydro 
lyzed with BaCl, and HCI as indicated above. Control urine specimens 
were also hydrolyzed directly with HCl, and the concentration of “a’’- and 
8-17-ketosteroids determined in each case. The average results of a num- 
ber of experiments are graphically represented in Fig. 1. The 3-3-hydroxy 
17-ketosteroids in the BaCl,-hydrolyzable fraction represented approx- 
mately 25 per cent of the 17-ketosteroids in the butanol extracts prepared 
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in this manner. Since only 43 to 68 per cent (average 58 per cent) of the 
total 17-ketosteroids present in the urine are removed in butanol extracts 


Tasie I 
17-Ketosteroids Released from Their Conjugates in Butanol Eertracts hy Bath, 
and HCl Hydrolysis 


BaCl>-hydrolyzable Non-BaClz-hydroly- 


Urine batch 17-ketosteroids zable 17-ketosteroids A) + (B) gb perc 
(A) (B) 
me. me. me me. 
C 1.7 2.6 1.3 10 
F 3.8 4.3 
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Fig. 1. Comparison of “a-” and 8-17-ketostervids obtained by the BaCl. and HCI 
bydrolytic techniques. 


prepared at pH 7.0, this 6 fraction represents 11 to 16 per cent ( average 
13388 per cent) of the total 17-ketosteroid content of the urine. While 
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extraction of the urine at pH values less than 3.0 with buty! alcohol results 
in a quantitative transfer of the conjugated 17-ketosteroids to the butanol, 
the subsequent amounts of ‘“a’’- and 8-17-ketosteroids released by BaC, 
remain unchanged. Acid hydrolysis applied directly to the urine yielded 
a 3-8 fraction of about 4.5 per cent of the total 17-ketosteroid content. 
Conversion of 8-17-Ketosteroids to ‘‘a’’-17-Ketosteroids by HCl—The 
greater yield of 3-3-hydroxy 17-ketosteroids liberated in the BaCl, hydroly- 
sis experiment than in that involving HCl treatment of the urine could be 
explained as due to (a) a conversion of 3-‘‘a’’-hydroxy compounds into 3-3 
compounds by the BaCl, or (6) a destruction of 3-6-hydroxy compounds 


Taste Il 

Effects of HCl and BaCl, Procedures on Stereoisomerism of 17-Ketosteroids 
: n Change in f (Change in “3’ 
No. | © = tained tained 

| me me me. me 
1A C HCl 
1B followed by 0.0 8.2 0) 

| BaCl,. 
2B followed 0.0 1.2 +001 -0.5 

by HCl 
3A E HClonurine 6.60: 88 | 0.7 
3B 3.2 10.3 1.9 +1. +1.2 
4A E HCl on BuOH 0.0 4.2 0.2 
4B extract 3.2 4.6 1.0 +04 +0.8 
5A E on BuOH 0.0 1.4 0.6 
5B extract 1 3.7 —0.2 +3.1 


* Changes of 0.10 mg. or less are not considered significant in these procedures. 


by the acid. The correctness of the latter alternative was shown by the 
following experiments: (1) A 17-ketosteroid fraction obtained after HC 
hydrolysis was subsequently subjected to the BaCl, treatment. (2) A 17- 
ketosteroid fraction obtained after BaCl, hydrolysis was subsequently sub- 
jected to the HCl treatment. The effects of these second hydrolyses on 
the distribution of the ‘‘a’- and 8-17-ketosteroids were determined in both 
experiments and are shown in Table II, Experiments | and 2 respectively. 
It is seen that the 8 fraction of the BaCl, hydrolysate is considerably re 
duced by subsequent HCl treatment, while subsequent BaCl, treatment 
has no effect on the amount of 8-ketosteroids in a HCl hydrolysate. These 
experiments thus indicated that the differences in the amounts of ‘a’ and 
8-17-ketosteroids of normal male urine obtained following BaCl, and HC! 
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treatment respectively is due to the damaging effects of HCl on the 6-17- 
ketosteroid fraction. 

This difference in the effect of the BaCl, and HCl treatments on the C; 
isomerism was also confirmed with a pure 3-8-hydroxy 17-ketosteroid (de- 
hydroisoandrosterone or DHA). 3.2 mg. of DHA were added to three por- 
tions of pooled male urine and subjected to the hydrolytic treatments as 
indicated in ‘Table II, Experiments 3, 4, and 5. Control assays on urine 
samples to which no DHA had been added were carried out in each case, 
and the concentration of ‘‘a’’- and 8-17-ketosteroids in the hydrolysates de- 
termined in each case. It was found that where the acid treatment was 
effected directly on the urine, approximately 41 per cent of the added DHA 
appeared as the ‘‘a’’ fraction, while 38 per cent was recoverable in the 3-8 
fraction. When the acid treatment was effected on the butyl alcohol ex- 
tract, only 38 per cent could be accounted for between the ‘‘a’’ and 8 fraction 
two-thirds of which appeared in the 8 fraction. The greater loss of DHA 
observed on acid treatment of the butanol extract may be due to a rela- 
tively greater acidity in the aqueous hydrolytic solution as compared to 
the urine because of loss of urinary buffers and changes in the concentra- 
tion of protective agents effected during the preparation of the butyl alcohol 
extract. BaCl, treatment of the butyl alcohol extract resulted in no sig- 


nificant loss of the DHA from the 6 fraction (Table II, Experiments 5A 
and 5B). 


DISCUSSION 


The values herein reported for 3-8-hydroxy 17-ketosteroids following 
acid hydrolysis (average 4.5 per cent) are in general agreement with the 
findings of most workers. Baumann and Metzger (1) report values for 
§-17-ketosteroids of 5 per cent or less; Rhoads, Dobriner, et al. (15) also re- 
port values in this range (0.6 to 2.2 percent), while Frame (7) gives an aver- 
age Of 2.1 percent. Talbot and his coworkers (17) report somewhat higher 
values, but their determination of the 8 fraction was made by an indirect 
method (subtraction of the determined ‘‘a” from the determined total) and, 
as has been pointed out by Frame (7), is subject to an error of overestima- 
tion 


Utilizing the BaCl, hydrolytic technique, the 3-8-hydroxy fraction was 


— found to constitute 11 to 16 per cent (average 13.38 per cent) of the total 


li-ketosteroid content of normal male urines studied. Approximately 40 
0 60 per cent of the 17-ketosteroids which are hydrolyzed by BaCl, are 


_ $8compounds. The BaCl, hydrolytic method results in the liberation of 
aly 20 to 35 per cent of the 17-ketosteroids present in the urine samples, 


and thus almost 75 per cent of the conjugated 17-ketosteroids in normal 
male urine are not hydrolyzed by the BaCl, technique. The total percent- 
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age of 3-17-ketosteroids muy prove to be even higher when some method 
of hydrolysis other than the destructive HCl method is available for the 
non-BaCl.-hydrolyzable fraction of the urinary 17-ketosteroids. 

The determination of the 3-6-hydroxy 17-ketosteroids has been found to 
te of some differential diagnostic value in distinguishing cases of adrenal 
cortical hyperplasia from cases of adrenal cortical carcinoma. Talbot and 
his coworkers (17) and Friedgood (8) have correlated various levels of 3-8- 
ketosteroids with these two syndromes. The latter investigator reports 6- 
steroids of patients with adrenal cortical hyperplasia of less than 25 per 
cent ot the total excretion and excretions of 30 to 70 per cent of the total 
us 8 for patients with adrenal cortical carcinoma. Kepler and Mason (10), 
however, have found that the 8 fraction of patients with adrenal cortical 
carcinoma Is not always elevated. ‘Two cases out of six reported could not 
be distinguished from hyperplasia by this criterion. The destructive ac- 
tion of HCI reported here must be considered in this diagnostic relation. 
since low 3 values may be obtained with this hydrolysis. It seems prob- 
able, therefore, that there is even a greater excretion of 3 compounds in 
adrenal cortical hyperplasia and carcinoma than has been heretofore re- 
ported. A possible explanation of the lack of uniformity with regard to the 
8 fraction may lie in varving degrees of destruction in individual urine 
specimens. 


SUMMARY 


1. A comparison of the effectiveness of a BaCh hydrolytic technique for 
the conjugated 17-ketosteroids of normal male urine with that of HCl has 
been made. 

2. The BaCl, hydrolysis results in the liberation of 20 to 40 per cent of 
ihe total conjugated l7-ketosteroids, of which approximately 50 per cent 
are of the 3-3-hvdroxyv conliguration. 

3. The 3-3-hydroxy i7-ketosteroids thus constitute at least 11 to 16 per 
cent of the total 17-ketosteroids of normal male urine as indicated by em- 
ployment of the BaClh, hydrolysis, as compared to about 4.5 per cent fol- 
lowing HCl hydrolysis. 

4. The difference in 8 fractions following BaCl. and HCI hydrolyses has 
been shown to be due to the destructive action of HCl] on 3-3-hydroxy 
17-ketosteroids, 
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HEME SYNTHESIS AND RED BLOOD CELL DYNAMICS IN 
NORMAL HUMANS AND IN SUBJECTS WITH POLYCYTHE- 
MIA VERA, SICKLE-CELL ANEMIA, AND PERNICIOUS ANE- 
MIA* 


By IRVING M. LONDON, DAVID SHEMIN, RANDOLPH WEST, anb 
D. RITTENBERG 


(From the Departments of Medicine and Biochemistry, College of Physicians 
and Surgeons, Columbia University, and the Presbyterian Hospital, 


New York) 
(Received for publication, February 2, 1949) 


Glycine is known to be specifically utilized for the biologic synthesis 
df the protoporphyrin of hemoglobin (1). The administration of N®- 
labeled glycine results in the production of red blood cells containing la- 
beled heme. After its formation, the heme as a constituent of hemo- 
dobin remains in the cell until the cell disintegrates. Following the 
destruction of the red blood cell, little of the heme, if any, is reutilized 
for new hemoglobin synthesis. By following the isotope concentration 
in hemin isolated from the red blood cells the length of time that labeled 


hemoglobin remains in the blood, and thus the survival time of the red 
blood cells containing the labeled hemoglobin, can be determined. An 


analysis of such data reveals not only the age distribution at death of the 
red cell population but also the average life span of the red blood cells (2). 
If n, circulating red cells die at age ¢t, the average life span, 7, of the 


total circulating red cell population, NV, will be given by 


_ tition at Atlantic City, May, 1947, and May, 1948. 
- want from the American Cancer Society on the recommendation of the Committee 


t 


inthe normal subject it would appear that no significant number of cir- 
culating red cells die before they attain the age of 40 days. The death 
rate of the cells rises to a maximum value at approximately 120 days. 
This value of 120 days is close to the average life span, 7, of the cireu- 
lating red blood cells. In the normal subject previously studied by this 
method the value for T was 127 days. This value corresponds well with 


‘gures obtained for the human and the dog by other reliable techniques 
3-7). 


* This work was presented in part before the American Society for Clinical Investi- 
The work was supported by a 


Growth of the National Research Couneil. 
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The average life span, 7, is related to the rate at which red blood cells 


are delivered to the circulation. This relationship is shown in Equation 2. | 


(2) 
in Which M is the total mass of circulating red cell hemoglobin and », 
is the mass of red cell hemoglobin delivered to the circulation per day. 
This relationship holds only when M is constant; @e., the rate of synthesis 
of red cell hemoglobin is equal to the rate of its destruction, 

This method of studying red cell dynamics has the unique advantage 
that it is possible to determine the rate of formation of hemoglobin and 
of red cells and their pattern of destruction in the same individual jp 
whom the red cells are made and destroyed without altering the usual 
state of the organism, whether normal or abnormal. Since most dis. 
orders of red blood cells result from abnormalities in the synthesis of 
hemoglobin and red cells or from abnormal destruction of the cells, this 
method is particularly suited to the study of red blood cell dyscrasias. 
This report is concerned with studies performed in two normal subjects, 
male and female, and in subjects with pernicious anemia, sickle-cell anemia, 
and polycythemia vera. 


EXPERIMENTAL 


Labeled glycine was prepared from potassium phthalimide and chloro- 


acetic ester (8). Glycine labeled with N™ was fed orally over a 48 hour — 


period to each of the subjects. The glycine was fed hourly in equal doses 
except for triple doses at 12 midnight and 3 a.m., with no other doses 
between 12 midnight and 6 a.m. The normal male subject, the patient 
with pernicious anemia prior to treatment, and the patient with poly- 
cythemia vera each received 48 gm. of glycine containing 31.7 atom per 
cent excess N”. The normal female subject received 41.2 gm. of glycine 


labeled with 30.8 atom per cent excess N“. The patient with pernicious | 


anemia 14 months after the start of liver therapy received 36.2 gm. o 
31.7 per cent N® glycine. 

20 to 30 ml. of venous blood were drawn at frequent intervals during 
the course of the experiments and hemin was isolated by the usual pro 


cedure (9). In the case of the subject with polycythemia vera, 30 tod | 


ml. samples were drawn. 

Plasma volume was determined with the blue dye T-1824 and the single 
10 minute point technique (10). 

Normal Subjects—A 23 year-old white male medical student and 4 
24 vear-old white female medical student served as subjects. Both had 
normal hematologic findings and had had no serious illnesses in the past. 
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There Was no history ol blood dyscrasia in their families. During the 
course Of these experiments, both subjects remained in good health and 
there Was no significant change in hematologic findings. 

Pernicious Anemia'—This subject was a 51 year-old Negro male with 
a 19 months history of gradually progressive weakness and weight loss 
of 25 pounds. Physical and laboratory examinations on admission to 
the Presbyterian Hospital in November, 1046, revealed a macrocytic 
anemia and gastric achlorhydria. N-ray exumination of the gastroin- 
testinal tract Was negative. There was no jaundice or any evidence of 
combined degeneration of the spinal cord. Hemoglobin, 8.8 gm. per cent 
(Sahli); red blood cells, 2.0 million per eamm.: white blood cells, 4800 per 
emm.; neutrophils St per cent (0-0-54), eosinophils 2 per cent, lympho. 
cytes 38 per cent, monocytes 6 per cent; platelets 112,000; reticuloeyies 
0.9 per cent; hematocrit 31 per cent; marked macrocytosis of red blood 
cells, Mean cell diameter 10.2 My Mean cell volume 155 Ciba, Mean cell 
hemoglobin 16.5 gugm. (46.5 10°" em.), mean cell hemoglobin con- 
entration 27 per cent. \ sealed wet smear was negative for sickling 
after 24 hours. Analysis of gastric juice 30 and 45 minntes after the 
subcutaneous injection of 1.0 mg. of histamine phosphate revealed no 
iee acid and only 3 units of combined acid. Serum bilirubin O.S mg. 
per cent (indirect). 

Polycythemia Vera? -Vhis subject was a 58 year-old white housewife 
with the characteristic physical and laboratory findings of polyeythemia 
vera. Physical and laboratory findings revealed no significant pulmonary 
or cardiac disease. Laboratory findings included «a marked increase in 
hemoglobin and red blood cell counts, and a mild leucocytosis. Hemo- 
gobin 22.0 gm. per ceni (Sahl: red blood cells, ¢.2 million per 
with normal differential count; platelets 240,000 per ¢.mm.: reticulocytes 
2 per cent; hematocrit 75 per cent; plosma volume 2690 ml.; arterial 
hemoglobin OXVgen saturation at rest 9O per cent; | minute aiter exercise 
92 per cent. 

Stekle-Cell Anemia’ \ 26 year-old Negro male with a history of fre- 
quent joint pains since childhood, the development of leg ulcers after 
minor trauma, lrequent recurrent episodes of seleral icterus, and several 
(ises with abdominal pain or generalized aching. The diagnosis of sickle- 
ll anemia was established on the basis of characteristic hematologic 
indings. On admission to the Presbyterian Hospital in July, 1947, for 
the purpose ot study, physical laboratory ndings revealed the 
following: hemoglobin 10.8 gm. per cent (Sahli); red blood cells 3.8 million 

HL. 848890. 

*P. H. 687458. 

*P. H. 848837. 
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per c.mm.; white blood cells 2400 per c.mm.; neutrophils 58 per cent 
(0-1-57), lymphocytes 33 per cent, monocytes 8 per cent, eosinophils | 
per cent; platelets 282,000 per c.mm.; reticulocytes 10.2 per cent; hema- 
tocrit 31 per cent; mean cell volume 82 cu.uz, mean cell hemoglobin 28 
uugm., mean cell hemoglobin concentration 25 per cent. 100 per cent 
of the red blood cells were sickle-shaped after 24 hours in the sealed wet 
preparation. 


NORMAL MAN _| 0.008 


ATOM PERCENT N'? EXCESS 


02040. 60 60 100 120 140 160 180 200 220 
TIME IN DAYS 
Fic. 1. N™ concentration in hemin after feeding N'-labeled glycine for 2 days. 
Cy = 0.388; = 0.15 day". The meaning of these symbols in the mathematical treat- 
ment of the data has been reported (2). 


RESULTS AND DISCUSSION 


Normal Subjects—In Figs. 1 and 2 the N® concentrations in hemin 
following the start of feeding labeled glycine to the two normal subjects 
are presented. These curves are similar to the one reported earlier (2). 
The isotope concentration in the hemin rises to a maximum value on 
about the 30th day; a decline along an S-shaped curve begins between 
approximately the 40th and 60th days. If, as previously (2), the fune- 
tion ¢(t) is defined as the probability that a red cell will survive in the 
circulation for a time greater than ¢, then —d@(t)/d/ represents the chang- 
ing probability of survival of a cell population to age ¢ and consequently 
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mirrors the rate of destruction of these cells. In a stationary population 
—do(t)/dt also represents the age distribution of the cells at death. In 
Figs. 1 and 2, Curves a represent the isotope concentration; C, in the 
hemin throughout the course of the experiment, Curves } give the values 
of —dC/dt, and Curves ¢ the values of —Co(dg(t)/dt). Curves ¢ permit» 
the evaluation of the average life span of the red cells, despite the fact 


that they have not all been made at one instant. 
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Fic. 2. N** concentration in hemin after feeding N"-labeled glycine for 2 days. 
Cy = 0.46; = 0.15 


In the two normal subjects, Curves c attain their maximum value at 
ll? days (Fig. 1) and 120 days (Fig. 2). These values represent the 
time when the destruction of the labeled cells is most marked. Inasmuch 
as the curves are not symmetrical about their maximum ordinates, these 
values merely approximate the average life span of the red cells. It is 


possible, however, to determine the average red cell life span more pre- 
cisely. 
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From the definition of $(¢) it is clear that —N(d@(t) dtidé is the number 
of cells of age ¢ to ¢ + dt which die in the interval dt. This is equal to 
Substitution in | yields 


do(t) 
| di dl (3) 


Graphical evaluation of this integral vields values for the average life 
span of the red cells of 120 and 109 days for the normal male and female 
subjects, respectively. These values correspond closely to the value of 
127 days obtained by this method (2) and to values obtained by the modi- 
fied Ashby (4, 5) technique in humans. 

It is clear that, in the normal human, the red blood cells are destroyed 
as a function of their age. Despite the rather wide range of red cell sur- 
vival times (see Curves c, Pigs. | and 2), the time span which encom- 
passes the ages ai death of half (the second and third quarters) of the 
cell population is relatively short. In the male subject this time span 
is 30 days (106 to 141 days), in the temale 382 days (Q1 to 123 days). 

The value of approximately 120 days corresponds to the production 
and destruction of approximately 0.83 per cent of the red cells per day. 
‘The absolute rate, in gm. per day, of produetion of circulating red cell 
hemoglobin can be caleulated from l:quation 2. The total mass of cir- 
culating red cell hemoglobin may be calculated from the values for the 
whole blood volume and the hemoglobin concentration in the blood. The 
determination of the whole blood volume may be performed by a variety 
of techniques, of which the use of P-1S24 and the use of radioiron-tagged 
red cells have been most prominent. There is fairly general agreement 
(11) that the normal human adult male has a plasma volume of approxi- 
mately 45 ml. per kilo of body weight, the female about 43 mi. per kilo 
of body weight. ‘There is much less agreement concerning the total red 
cell volume. Gibson et al. (12) claim that the true red ceil volume as 
determined by radioiron-tagged cells is about 15 per cent lower than that 
determined by T-1824. Values for the red cell volume which are con- 
sistent with most of the studies, in which T-1824 or cells tagged with 
radioiron or radiophosphorus have been used, are about 30 ml. per kilo 
of body weight for the normal man and about 25 ml. per kilo of body 
weight for the normal woman (11, 13). The hemoglobin concentration 
in the peripheral blood is, on the average, 16 and 14 gm. per 100 ml. of 
whole blood for the normal man and normal woman, respectively (14). 
Accordingly, there are about 12 and 9.5 gm. of circulating red cell hemo- 
globin per kilo of body weight in the normal male and female, respectively. 
With an average red cell life span of 120 and 109 days in our two normal 
subjects, one can calculate from Equation 2 that the rate of production 
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of circulating red cell hemoglobin in normal man is about 0.10 gm. of 
hemoglobin per kilo of body weight per day, and in the normal woman 
about 0.087 gm. of hemoglobin per kilo of body weight per day. With 
a mean corpuscular hemoglobin value of 20 uugm. (2.9 « 10! gm.) (14) 
these rates of hemoglobin production are equivalent to the production of 
3.45 X 10° red blood cells per kilo of body weight per day for normal man 
and 3.00 & 10° red blood cells per kilo of body weight per day for the nor- 
mal female. ‘hese values will serve as a basis for comparison of the rates 
of production of red cells and hemoglobin in the patients with polyeythe- 
mia vera, sickle-cell anemia, and pernicious anemia. 

Polycythemia Vera—Fig. 3 describes the isotope concentration in hemin, 
the hemoglobin concentration, and red blood cell counts, and indicates 
when phlebotomies were performed during the course of the experiment. 
The withdrawal of large amounts of blood produced a lowering of red 
blood cell and hemoglobin values. The shape of the N® concentration 
curve in hemin, however, was not affected by the phlebotomies, because 
the blood withdrawn was a representative sample of the blood in circu- 
lation at the time, and the phlebotomies produced no significant change 
in the generative activity of red blood cells as indicated by reticulocyte 
counts, which never rose above 3 per cent. 

The shape of the curve of N® concentration in hemin is nearly identical 
with that of the normal curves. The red blood cells are destroyed, as 
in the normal, as a function of their age, and their average life span cal- 
culated in the manner previously described is 131 days. This value of 
T is close to those values found in normal subjects and is probably within 
the normal limits. The time span which encompasses the ages at death 
of half (the second and third quarters) of the cell population is 34 days 
(116 to 150 days). As can be seen from [equation 2, a normal life span 
with an abnormally large circulating red cell hemoglobin mass, 17, must 
be associated with an elevated rate of hemoglobin synthesis, m. The 
plasma volume for this subject at the start of the experiment was 2690 
ml. With a venous hematocrit of 75 per cent, the red cell volume would 
be 7740 ml. But on applying a correction of about 15 per cent (12), the 
red cell volume is 6580 ml. The total blood volume, then, is 9270 ml. 
With a hemoglobin concentration of 22 gm. per 100 ml. of whole blood, 
the total circulating red cell hemoglobin is 2039 gm., or 29.5 gm. of hemo- 
globin per kilo of body weight (the subject weighed 69 kilos). Since the 
average life span of the red cells in this subject is 131 days, the rate of 
hemoglobin production is 0.225 gm. per kilo of body weight per day. 
With a mean corpuscular hemoglobin content of 3.0 * 10-" gm., the 
tate of red cell production is 7.50 & 10% red cells per kilo of body weight 
per day. These rates of hemoglobin and red cell production are about 
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Fic. 3. N** concentration in hemin after feeding N“-labeled glycine for 2 days. 
Co = 0.56; 4 = 0.17 day™. 
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9} times the rate in the normal female. It is to be noted that these values 
gre based on the period during which the labeled red cells were produced 
and, therefore, are not significantly affected by the therapeutic phlebot- 
- omies which, for the most part, were carried out later. The blood with- 
drawn for hemin N*® analyses during the period when the great bulk of 
 Igbeled cells was formed constitutes a small fraction of the total blood 
volume and does not affect the general conclusion. 


Polycythemia vera, as exemplified by this patient, is characterized by 


an abnormally high rate of hematopoiesis and a normal red cell life span. 


These data throw light on the mechanism of the development of poly- 
eythemia vera. Theoretically, two factors, singly or in combination, 
might produce the marked increase in the total red cell mass which is 
characteristic of this disease. These are (1) an increased rate of hemo- 
gobin and red blood cell synthesis and (2) prolonged life of the red blood 
ells. In the normal individual in the steady state, the rate of hemo- 
globin synthesis equals the rate of hemoglobin degradation, and the aver- 
age life span of the erythrocyte is the reciprocal of the fraction of the 
total circulating red cell mass which is synthesized and degraded daily. 
Thus in the normal individual 0.83 per cent of the total red cell mass is 
synthesized and degraded daily, and the average life span of the erythro- 
cytes is the reciprocal of 0.0083, or 120 days. The total red cell mass 
will increase whenever the rate of red cell synthesis is faster than the rate 
of degradation and will continue to increase until the degradative rate 


main equals the synthetic rate. A new steady state will then ensue. 
_ The finding of a normal red cell life span in this subject at a fully developed 


stage of the disease is conclusive proof for the existence of a functional 
hyperactivity of the blood-forming apparatus in the maintenance of the 
plycythemic state. It seems probable that the development of the 
polycythemia earlier in the disease is similarly characterized by an in- 
crease in hematopoietic activity with the maintenance of a normal erythro- 


cyte life span. The existence of hematopoietic hyperactivity, at least in 
the maintenance of the polycythemic state, is consistent with the usual 


findings in polycythemia vera of hyperplasia of all bone marrow elements 
and evidence in the peripheral blood of increased bone marrow activity 
polychromatophilia and basophilic stippling of erythrocytes, and leuco- 
tytosis with an increase in immature cells of the myeloid series). The 
fundamental cause of this functional hyperactivity, however, remains 
unknown. 

A variety of etiologic theories has been proposed, but conclusive evi- 
dence in support of any of them is lacking. These theories have been 
teviewed by Harrop and Wintrobe (15). One of the theories is that of 
Minot and Buckman (16) who regard polycythemia vera as a form of 
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neoplasm. ‘The persistent bone marrow hyperplasia involving all marroy 
elements, the development of leucemia in some cases of erythremia, and 
the development of erythremia in some cases of leucemia suggest tha: _ 
this is a neoplastic process. If polycythemia vera is indeed a benign neo. 
plasm, then at least this neoplastic process is associated with an increase. | 
above normal, of the synthetic activity of the hematopoietic system. 
The maintenance of the polyeythemic state in the presence of a normal 
erythrocyte life span requires that the amount of hemoglobin degraded. } 
as well as the amount of hemoglobin synthesized, be increased. How. 
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Fic. 4. N* concentration in hemin after feeding N"-labeled glycine for 2 days 


10 40 


ever, studies of the excretion of bile pigment in polycythemia vera, whieh 
are critically discussed by Watson (17), have revealed fecal urobilinogen } 
values that are much lower than would be anticipated on the basis of the — 
increased amounts of hemoglobin that are degraded. This discrepancy — 
raises questions concerning the fate of the pigment that are pertinent to — 
hemoglobin metabolism in general and warrant further investigation. | 

Sickle-Cell Anemia—The curve of N"™® concentration in hemin during | 
the course of the experiment is shown in Fig. 4. During the period d ) 
the study, the patient suffered no “crises” and the red blood cell, hemo 
globin, and hematocrit values remained essentially the same as at the 
start of the experiment. 
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The isotope concentration in the hemin rose rapidly to a peak on the 
| 7th day following the start of the feeding of isotopic glycine and imime- 
diately began to fall. A direct plot of the isotope concentration in the 
 bemin, C, after the 7th day in a semilogarithmic coordinate system (log 
(versus time) gives a straight line through the major portion of the curve. 
fheory suggests that «a small quantity, 4, should be subtracted from each 
value of the isotope concentration of the hemin, since this value is, at 


SICKLE CELL ANEMIA 
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) 64 8 Fie. 5. N™ concentration in hemin after feeding N“-labeled glycine for 2 days, 


plotted semilogarithmically. Curve a describes N™ concentrations in hemin from 
the 22nd to the 120th day; Curve 6 describes the N® concentrations in hemin 
pror to the 22nd day; Curve c¢ represents a plot of the deviation of Curve ) from 
the extrapolation (dotted line) of Curve a. The ordinate values of Curve ¢ are one- 
‘enth the plotted values. 


ch instant, approaching not zero but a finite value representing the 
_ Sotope concentration of the subject. A isnot independent of time. How- 
_ ever, it varies but slowly with time, approaching zero as a limit. Its 
_ Value during the course of the last hundred days of this experiment must 
_ have been about 0.020 atom per cent excess. We have, therefore, plotted 
the logarithm of (C — 0.020) against time (see Fig. 5). After the 30th 
day the data fit a straight line whose equation is 


C = 1.02e°°9™ + 0.020 (4) 
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If we assume that the bulk of the N™-labeled red cells has been formed 
in a short time interval, then to a first approximation ¢ is given by 


= 0. (5) 


The average time the red cells spend in the circulation, 7, is given by 
Equation 3. Differentiating Equation 5 and substituting in Equation 3 
give 


T = — dt (6) 
On integration, 
0-0238¢ 
= | - (1 + | (7) 
Therefore 
l 
T = 42 days 


Since ¢(t) is by definition the fraction of a stationary population of 
cells which are born at a particular moment and will survive to age ¢, 
— (dg(t)/dt) is the fraction of the population which will die in the interval 
t tot + dt and —(i/¢)(dd(t)/dt) or —(d Iw $(t)/dt) is the death rate of 
the population of age ¢. In this case, when ¢(t) = e~°-*, the death 
rate is independent of age for —(dIn@(t)/dt) = 0.0238. This means that 
heme is removed from the circulation at a rate which is independent of the 
age of the heme at the time of its degradation. Such a curve reflects the 
random occurrence of a single event or of a complex of events which leads 
to the death of the cell once the initial event has occurred. 

This curve could result from (1) a random destruction of the red blood 
cells and a consequent loss of labeled heme from the circulating blood; 
or (2) a random degradation and synthesis of heme in circulating red 
blood cells which are morphologically intact; or (3) random synthesis and 
degradation of heme in red blood cells which are themselves undergoing 
random destruction. In the light of our findings in normal subjects which 
demonstrate that hemoglobin in circulating red blood cells is not in the 
dynamic state, the second, and, consequently, the third of these possi- 
bilities would appear most unlikely. Recent studies (18), however, make 
it difficult to rule out completely the possibility that some synthesis of 
heme in the circulating red cells of patients with sickle-cell anemia may 
occur. 

When the whole blood of patients with sickle-cell anemia was incu- 
bated with N"-labeled glycine, the hemin isolated from the red cells was 
found to contain significant concentrations of N* (18). This indicated 
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that heme was synthesized from glycine in vitro. Similar significant con- 
centrations were not obtained with the blood of normal subjects or of 
patients with sickle-cell trait. The synthesis of heme tn vitro in the blood 
of patients with sickle-cell anemia occurs at the rate of 0.1 to 0.2 per cent 
of the red cell heme in 24 hours. If all the hemoglobin in the circulating 
red blood cells of sickle-cell anemia subjects were synthesized in the pe- 
ripheral blood at the same rate as in the in viiro experiments, the average 
survival time of the labeled hemoglobin in the circulation would be of 
the order of 500 to 1000 days. Actually the average survival time, as 
determined in our subject, is about 40 days. 

The major part of the disappearance of heme described in Fig. 4 must 
be due to a random destruction of cells in sickle-cell anemia. Studies 
with the Ashby technique (19) are in accord with this view. Any random 
synthesis of heme that may occur in the peripheral blood of these pa- 
tients can play only a minor part in the hemoglobin turnover in this 
disease. 

Since the red cells of sickle-cell anemia are destroyed in an indiscrim- 
inate fashion rather than as a function of their age, their survival is better 
designated in terms of their half life time 4. The half life time of these 
cells in the circulation is given by the expression 


y= TX In2 (8) 


is therefore equal to 29 days. 

It is to be noted that the curve representing Equation 5 consistently 
lies below the experimental points from the 6th to the 22nd day. A priori 
the contrary would be expected, since during this period some labeled heme 
is being delivered to the circulation and would tend to result in low values 
of (d In C/dt) rather than high ones. When the logarithms of the devia- 
tions of the observed data (Curve }) from the extrapolation of the major 
portion (Curve a) of the data are plotted against time, Curve c, Fig. 5, 
is obtained. 4, for this curve is approximately 7 days. This suggests 
the possibility that there may exist a small fraction of the total red cell 
population which has a /; of approximately 7 days. This value of f is a 
maximum value, since, as we have indicated above, the accession to the 
creulation of newly formed red blood cells containing N'™ would tend 
to lower the rate of fall of the N™ concentration of the total circulating 
heme during this period. Further studies in patients with sickle-cell 
aemia and analysis of N' concentrations in the bile pigment excreted 
during the course of the experiment may throw light on this problem. 

With measurements of the total red cell mass and the mean survival 
time of the red cells, it is possible to caleulate the rate of red blood cell 
and hemoglobin production in this patient. For the mean survival time 
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we shall employ the value of 42 days, which is representative of the great 
majority of the red cells in circulation. 

The plasma volume as determined by T-1S824 was reported to be 5000 
ml. With a venous hematocrit of 31 per cent, the red cell volume would 
be 2160 ml. The 15 per cent correction yields a red cell volume of 1836 
ml. With a total blood volume of 6836 ml. and a hemoglobin concentra- 
tion in the blood of 10.8 gm. per 100 ml. of whole blood, the total cireylat- 
ing red cell hemoglobin is 738 gm., or 11.71 gm. of hemoglobin per kilo 
of body weight (weight of subject, 63 kilos). Since the mean survival 
time of the red cells is 42 days, the rate of hemoglobin production is 0.279 
gm. of hemoglobin per kilo of body weight per day. With a mean cor- 
puscular hemoglobin value of 2.8 & 10~-" gm., the rate of red cell produe- 
tion is 9.96 & 10° red blood eclls per kilo of body weight per day. These 
rates of hemoglobin and red cell production are about 2.8 times the rate 
in normal man. Since the hemogiobin and red blood cell counts remained 
at the same level during the course of the study, it is safe to assume that 
the patient was also destroying red blood cells at a rate 2.8 times the nor- 
mal. If there is a fraction of the total red cell population which has a 
halt life time of about 7 days, then this rate of production and destrue- 
tion, 2.8 times the normal, is minimal. The very rapid formation of 
erythrocytes is consistent with the markedly hyperplastic bone marrow 
and the reticulocytosis in the peripheral blood characteristic of this dis- 
ease. Similarly, a rapid rate of destruction is consistent with the hyper- 
bilirubinemia and increased fecal urobilinogen excretion. 

These findings indicate that there is no deficiency in the ability of the 
hematopoietic organs to make adequate numbers of red blood cells and 
adequate amounts of hemoglobin. It is clear, however, that the red 
blood cells are defective in their capacity to survive for a normal erythro- 
cyte life span. That the defect is intrinsic to the cell and not ascribable 
to any factor in the plasma was shown by Huck (20) and more recently 
by the use of the Ashby technique (19, 21, 22). The nature of the defect 
in the cell is still unknown. It would appear to be a defect in the struc- 
ture of the red cell membrane. This defect may be associated with the 
sickling process but cannot be ascribed to this phenomenon alone, inas- 
much as the erythrocytes of individuals with sickle-cell trait are not ab- 
normally susceptible to destruction (22). 

Pernicious Anemia—At the start of the experiment, this patient had 
never received any form of therapy for pernicious anemia. The isotope 
concentrations in hemin, and the hemoglobin, red cell, and reticulocyte 
values are shown in Fig. 6. The isotope concentration in the hemin rose 
rapidly and was approaching its maximum value on the 15th day. It 
was considered unwise to withhold treatment longer, and liver extract ip 
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| large doses was administered intramuscularly. ‘The dosage of liver ex- 
tract is shown in big. 6. The reticulocyte count rose to a peak of 12.8 
per cent on the 7th day after the start of therapy, and there was a satis- 
factory rise in hemoglobin and red cell values. After the start of liver 
therapy, @ fall in the isotope concentration in the hemin occurred. This 
fall was expected, because the influx of large numbers of new cells formed 
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} Fig. 6. N'® concentration in hemin after feeding N-labeled glycine for 2 days to 
asubject with pernicious anemia. 


when the isotope concentration in the glycine had fallen to a low value 
sould result in the dilution of the average isotope concentration in the 
bemin of circulating red blood cells. The curve continues to decline, 
however, when the hemoglobin and red blood cell values have approached 
tormal levels, and a mere dilution effect should be minimal. To dif- 
lerentiate between the effect of the dilution and the actual destruction of 
the labeled red cells, we have calculated total heme N" in circulation 
during the course of the experiment. Gibson (23) has shown that the 
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hemoglobin concentration in the peripheral blood is a good index of the 
total hemoglobin in circulation before and after the start of liver therapy 
in pernicious anemia. By multiplying the hemoglobin concentrations in 
the peripheral blood by the isotope concentrations in the hemin during 
the course of the experiment, a curve representing the changes in the total 
amount of N'* in the heme of circulating red blood cells is obtained (Fig. 7), 

As in Fig. 6, the curve rises rapidly and is approaching its maximum 
value on the 15th day. With the administration of liver extract there js q 
further rise in the total heme N“. This additional rise is due to the in- 
flux of many new cells. Although the isotope concentration in the heme 
of these newly formed cells is relatively low, the large number of these 
cells newly added to the circulation represents a considerable increment in 
the total heme N“. Within 2 weeks after the start of liver therapy the 
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Fig. 7. Total heme N* after feeding N"-labeled glycine for 2 days 


peak of the total heme N*® curve is reached. If the cells of untreated 
pernicious anemia enjoyed a normal life span, the curve would have main- 
tained a plateau until about the 40th to 60th day and would then have 
begun to decline. The curve declines, however, in linear fashion almost 
immediately after reaching its peak. The linear decline indicates that 
many but not all of the cells are being destroyed in indiscriminate fashion. 
If all the cells were destroyed in an indiscriminate manner, the decline of 
the curve would have been exponential in character. The linear decline 
suggests that the cell population is mixed, with many of the cells destroyed 
indiscriminately and others as a function of their age. 

The average survival time of the cells of this mixed population (cells 
formed prior to and after the start of liver therapy) can be estimated 
from the declining portion of the curve. Approximately three-fourths of 
the labeled heme was formed prior to the start of liver therapy. It is 
reasonable to assume that the survival of the cells containing this portion 
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of the labeled lieme is not influenced by liver therapy administered after 
formation and release of these cells into the circulation. The decline in 
the total hemin N™ (Fig. 7) must therefore reflect the disappearance of 
these labeled cells from the circulation. The time required for the total 
heme N*® to decline from any given value on the declining portion of the 
curve to one-half that value is about 90 days. This is the half life time 
for the disappearance of the labeled heme and consequently of the cells 
containing the labeled heme. As the declining curve is for the most part 
linear, the half life time and average survival time are equal. 

Inasmuch as therapy supervened during the course of the experiment, 
this value represents the average survival time of the mixed red cell popu- 
lation; t.e., cells formed prior to and after the start of liver therapy. An 
approximate value for the average survival time of the cells formed before 
the start of treatment can be obtained. 

Fig. 7 represents the sum of the hemin N® of the cells formed before 
and after the start of liver therapy. It is reasonable to assume that the 
average survival time of the cells formed after the start of liver therapy 
is at least as long as the survival time of the cells formed prior to liver 
therapy. If the survival times of these two groups of cells are equal, the 
untreated cells will have an average survival time of approximately 90 
days; t.e., the same as the survival time of the mixed population. This 
value represents an upper limiting value for the average survival time of 
the untreated cells. To establish a lower limiting value, let us assume 
that the cells formed after the start of treatment have an infinite life span. 
Inasmuch as these cells contain heme N* representing approximately one- 
fifth of the total heme N", were they to have an infinite life span they 
would account for a lengthening of the mean survival time of the mixed 
population of about 20 per cent. The survival time of the cells formed 
prior to treatment would then be approximately 72 days; 7.e., about 20 
per cent less than that of the mixed population. This represents the 
lower limiting value. In the fully treated subject with pernicious anemia 
the average life span of the cells is normal (see below). Following the 
start of treatment, however, there is most likely an interval prior to the 
formation of thoroughly normal cells during which cells of varying ab- 
normality are produced. Accordingly, a value closer to the upper limiting 
value than to the lower will closely approximate the real value for the mean 
survival of cells of the urtreated state. For purposes of further calcula- 
tion we may choose a value of 85 days. In two cases of untreated per- 
hicious anemia studied by means of the Ashby technique, Loutit (24) 
found that the red cells survived for 20 and 60 days. Such variations, 
however, are to be expected, for the severity of the disease and the cor- 
responding abnormalities of the red cells vary widely among patients. 
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The rate at which newly formed red blood cells and hemoglobin were 
released into the circulation prior to liver therapy can be calculated by 
Equation 2. Before the start of treatment with liver extract, the hemo- 
globin concentration in the peripheral blood was 8.8 gm. per 100 ml. of 
whole blood, 55 per cent of the average value for the normal adult male. 
Inasmuch as the hemoglobin concentration in the peripheral blood pro- 
vides an index of total circulating red cell hemoglobin (23), one may estimate 
that this patient had approximately 6.6 gm. of hemoglobin per kilo of body 
weight (55 per cent of 12.0 gm. of hemoglobin per kilo). The rate of 
hemoglobin production, based on a mean red cell survival time of 85 days, 
is 0.0786 gm. of hemoglobin per kilo of body weight per day. This value 
is 78 per cent of the normal rate. With a mean corpuscular hemoglobin 
content of 4.65 K 107! gm., the rate at which red cells are released into 
the circulation is 1.67 & 10° cells per kilo of body weight per day. This 
is only 48 per cent of the normal rate. 

The findings of a diminished production of red blood cells capable of 
reaching the peripheral blood and of a diminished average survival of the 
red cells in circulation are consistent with the view that the red blood cell 
of untreated pernicious anemia is intrinsically defective. The absence of 
an abnormal hemolytic factor in the plasma is suggested by early studies 
with the Ashby technique (25, 26), and is demonstrated by recent studies 
with the improved technique in which normal cells transfused to recipients 
with pernicious anemia enjoyed normal survival (4, 24). 

The production of circulating red cell hemoglobin is somewhat dimin- 
ished. It remains to be determined, however, whether this represents 4 
diminished capacity to synthesize normal hemoglobin or whether it 1s 
merely a reflection of the fate of the abnormal red blood cell. But even a 
normal rate of circulating red cell hemoglobin production and destruction 
falls far short of providing an adequate explanation for the very large 
amounts of bile pigment produced in this disease. This discrepancy 1s 
explained by the finding in this patient that a very large portion of the 
stercobilin in the feces apparently was derived from a source other than 
the hemoglobin of circulating red blood cells (27). These studies, to be 
reported later, suggest that this portion of bile pigment is derived from 
one or more of the following sources: (1) hemoglobin of red blood cells 
which are destroyed shortly after reaching the peripheral blood or which 
never reach it and are destroyed in the bone marrow; or (2), porphyrins 
which are not utilized for hemoglobin production; or (3), direet synthesis 
of bile pigment via a pathway which does not involve degradation of a 
porphyrin ring. 

After treatment with concentrated liver extract for 1 year, the patient 
was studied again to determine the effects of the treatment on hemoglobin 
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metabolism and red blood cell dynamics. Despite the treatment with 
concentrated liver extract in a dosage which averaged slightly more than 
15 units per week over the 12 months period, a very slight inerease in 
mean cell size persisted: hemoglobin 15.0 gm. per 100 ml.; red blood cells, 
1.7 million per ¢.mm.; hematocrit 46 per cent; mean corpuscular volume 
08 cu.z; Mean corpuscular hemoglobin 33 gugm.; mean corpuscular hemo- 
globin concentration 33 per cent. ‘To determine whether increased dosage 
and a cruder extract would reduce the mean cell size, 30 units of concen- 
trated liver extract per week and 60 ml. of Valentine’s oral liver extract 
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Fie. 8. N'® concentration in hemin after feeding N'*-labeled glycine for 2 days. 
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daily were administered. After 10 weeks of this schedule, the hematologic 
picture remained essentially unchanged. Examination of the bone mar- 
row revealed no abnormality. To repeat the study, 36.2 gm. of glycine 
labeled with 31.7 atom per cent excess N™ were administered over a 48 
hour period. ‘The results of this study are plotted in Fig. 8. 

The shape of the curve of isotope concentration in the hemin and the 
death rate curve, (d@(t) /dt), are normal. The red blood cells are destroyed 
as a function of their age and not in indiscriminate fashion. Half of the 
ted cells (the second and third quarters) die within a 33 day period, 116 
0 149 days. The average life span is 129 days, a value very close to the 
values in the two normal male subjects. 
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ments in the normal subjects and in the subjects with pernicious anemia 
(prior to treatment), sickle-cell anemia, and polycythemia vera are shown 
in Fig. 9. It is noteworthy that red blood cells containing labeled hemo- 
globin appear in the peripheral blood within several hours after the start 
of feeding labeled glycine. ‘These findings indicate a rapid utilization and 
conversion of dietary glycine to protoporphyrin. In addition, they sug- 
gest that the human red cell is released into the circulation at a time which 
approximates the completion of hemoglobin deposition in the cell. If 
the red cell is mature and not reticulated, hemoglobin deposition is prob- 
ably completed shortly before the cell enters the circulation. The absence 
of significant synthesis in vitro of heme by normal human blood supports 
this view (18). If, however, the red cell entering the circulation is reticu- 
lated, the process of hemoglobinization may not yet be completed and 
further hemoglobin synthesis may occur. This hypothesis is supported by 
the finding that normal mammalian (rabbit) reticulocytes can synthesize 
heme in vitro. The absence of significant heme synthesis zn vitro in blood 
fom some patients with elevated reticulocyte counts (18) suggests that 
reticulocytes, although morphologically similar, may differ in their func- 
tional capacity to synthesize heme. 


SUMMARY 


1. The average life span of the circulating red blood cell in a normal 
human adult male has been found to be 120 days, in a normal human adult 
female 109 days. 

2. A subject with polycythemia vera was shown to have a normal red 
cell life span of 131 days and a normal pattern of red cell destruction, but 
arate of red cell and hemoglobin production about 2} times the normal. 
The mechanism of the development of polycythemia vera is discussed in 
the light of these findings. 

3. In sickle-cell anemia the red blood cells were shown to be destroyed 
indiscriminately rather than as a function of their age. Their mean 
survival time in the subject studied was 42 days, their half life time 29 
days. The rates of hemoglobin and red cell formation and destruction 
were about 2.8 times the rates in normal man. 

4. Study of a subject with untreated pernicious anemia disclosed an 
abnormal pattern of red cell destruction and a mean survival time of 
approximately 85 days. The rate of production of circulating red cell 
hemoglobin was found to be about four-fifths the normal, the rate of 
production of circulating red cells about half the normal rate. Treat- 
ment with liver extract resulted in restoration of the pattern of red cell 
destruction to normal and in a normal red cell life span of 129 days. 


‘London, I. M., Shemin, D., and Rittenberg, D., unpublished data. 
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5. The utilization of dietary glycine for the synthesis of the protopor. 
phyrin of hemoglobin is very rapid, and cells containing labeled hemoglobin 
are released into the circulation within several hours after the start 9 
feeding labeled glycine. The time relationships between hemoglobin de. 
position in the red cell and release of the red cell into the circulation are 
discussed. 


We are indebted to Dr. Joan Morgenthau, Dr. Lilhan Strange, and Dr 
Gilbert Gordon tor their cooperation, to Miss Martha Yamasaki for her 
assistance, to Mr. I. Sucher for the isotope analyses, to Miss Florence 
Schorske for the plasma volume determinations, and to Mrs. Catherine 
Holavko and Miss Gloria Sabella for hematologic technical assistance. 
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LETTERS TO THE EDITORS 


INABILITY OF VITAMIN By TO REPLACE THE 
DESOXYRIBOSIDE REQUIREMENT OF A 
LACTOBACILLUS BIFIDUS 


Sirs: 
Astrain of Lactobacillus bifidus' isolated from a stool of a breast-fed infant 


could be grown on a chemically defined medium, provided the casein supple- 
ment were an enzymatic digest and not an acid ssdtntriantaad The — 


Supplement No. 0.02 N Na0H minus 


ank* 

ce. 
(2) y desoxyribonucleic acid... 11.3 
(4) thymine desoxy ribosidet | 9.7 
(6) 5S‘ guanine | 6.5 
10) 10 mg. ascorbic acid (non- autoclaved) 0.0 
(3) 50 y pancreatin, 11.5 


16 hours anaerobic incubation at in 2 ce. a medium to that of 
Roberts and Snell (/. Biol. Chem., 163, 499 (1946)) with acid hydrolysate of casein 
substituted for tryptic digest and fortified with 0.1 per cent Tween 80 and 3.5 per 
cent lactose. 

+ We are indebted to Dr. W. Shive for the thymidine, to Dr. S. Cohen for the 
guanine desoxyriboside, and to the Merck Laboratories for the vitamin B". 


of the digest appears to have been introduced with the enzyme preparation, 


- Since a commercial pancreatin, when tested as the supplement to the basal 


medium containing acid hydrolysate of casein, exhibited high activity. Of 
anumber of compounds tested, desoxyribonucleic acid, thymine desoxyribo- 


_ Side, and guanine desoxyriboside proved active, in accordance with the re- 


‘On primary isolation this strain exhibited the bifid characteristic but on re- 
peated subculture converted to a rod-like morphology. 
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cent report? that the thymidine growth effect is not specific but dependent 
on the desoxyriboside structure. In contrast to the behavior of other 
strains of Lactobacilli,’ crystalline vitamin By, even at high levels could not 
replace the desoxyribosides for the growth of this strain of L. bifidus. — Ribo- 
nucleic acid, thymine, and ascorbic acid, alone and in combination with 
vitamin By, were also inactive. No inhibition of desoxyribonucleic acid 
was observed when ribonucleic acid was added at a 5 times greater concen- 
tration. It has been postulated that vitamin By, functions in the synthesis 
of the desoxyriboside component of nucleic acid.*:* For our strain of L. 
bifidus, vitamin B,. is not the limiting factor. The high potency of pancrea- 
tin, equivalent to that of desoxyribonucleic acid, suggests that the crude 
enzyme preparation contains a factor or factors much more active than the 
nucleosides. It is not crystalline vitamin By. but may be one of the other 
six entities demonstrated in samples possessing vitamin 1b, or animal pro- 
tein factor activity. 


Nutritional Service of the Depart- M. Tomareru 
ment of Pediatrics and Gastro- R. F. Norris 
intestinal Section of the Depart- Paut GyOroy 


ment of Medicine and the 
William Pepper Laboratory of 
Clinical Medicine 

Hospital of the University of 
Pennsylvania 

Philadelphia 


Received for publication, March 7, 1949 


? Kitay, E., McNutt, W.3., and Snell, bE. E., J. Biol. Chem., 177, 993 (1949). 

*Shive, W., Ravel, J. M., and Eakin, R. E., J. Am. Chem. Soc., 70, 2614 (1948). 
Wright, L. D., Skeggs, H. R., and Huff, J. W., J. Biol. Chem., 175, 475 (1948). Hoff- 
mann, C. E., Stokstad, E. L. R., Franklin, A. L., and Jukes, T. H., J. Biol. Chem., 
176, 1465 (1948). 

‘Winsten, W. A., and Eigen, E., J. Biol. Chem., 177, 989 (1949). 
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EFFECT OF THE ANIMAL PROTEIN FACTOR ON THE 
REQUIREMENT FOR METHYLATING COMPOUNDS* 


Sirs: 


The choline requirement of chicks fed a purified diet has been found to 
be approximately 0.1 per cent of the diet.!. With practical diets, however, 
more rapid growth is frequently obtained when betaine, choline, or other 
methylating compounds considerably in excess of this requirement are 
provided. Since such diets, unsupplemented, would not ordinarily be con- 
sidered deficient in methyl groups, it is of considerable interest to determine 


Weight, end Gain in weight, 


Supplement of 3 wks. Tn 4 to 7 wks., in- 
period clusivet- 

gm. gm. 

015% + 0.2% betaine-HCil............ 149 454 


. During the first 3 weeks all the chicks received ‘the unsupplemented basal diet 
hich had the following percentage composition: yellow corn-meal 46, ground whole 
wheat 15, pulverized oats 5, soy bean oil meal 30, fish liver 0110.5, CaHPO, 2, CaCQ, 1, 


| NaCl 0.48, MnSO,-4H,0 0.02; plus riboflavin 0.1 gm., niacin 1.0 gm., and calcium 


pantothenate 0.25 gm. per 100 pounds. 


t Nineteen white Leghorn male chicks were used in each lot, and no mortality 
seurred during the period from 4 to 7 weeks. 


} Wilson and Company’s 95 per cent alcohol-soluble liver extract paste. This 
amount has been found to supply the chick’s requirement for APF. 


the factors which influence the need for biologically available methyl 
groups. 

In a series of experiments dealing with this problem, evidence has been 
obtained that the need for supplementary methylating compounds is 
directly influenced by the animal protein factor (APF). The results of 
we experiment which are typical of those that have been obtained with 
toth normal and partially APF-depleted chicks are presented in the table. 
A diet complete in all known vitamins and composed of mixed cereals, 
plant protein, and supplementary minerals and vitamins was significantly 


*Supported in part by a grant from the International Minerals and Chemical 
Corporation, Chicago, Illinois. 

‘Jukes, T. H., Proc. Soc. Exp. Biol. and Med., 46, 155 (1941). Hegsted, D. M., 
Mills, R. C., Elvehjem, C. A., and Hart, E. B., J. Biol. Chem., 138, 459 (1941). 
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improved by additions of betaine or choline. Since betaine was as effee- 
tive as choline in promoting the growth of chicks on this diet, it is prob. 
able that the effect was due to the increased methyl groups provided. 
However, the addition of 0.15 per cent of liver extract paste to the basal 
diet was considerably more effective in promoting growth than betaine or 
choline. Furthermore, when the liver paste was included, no improve- 
ment in growth was obtained by adding these methylating compounds, 
The amount of choline contributed to the diet by the level of liver paste 
used was negligible (0.0018 per cent). This particular liver paste has been 
used in our laboratory for a considerable period of time as a source of APF? 
It contains approximately 17 y of vitamin By activity per gm. by assay 
with L. leichmannii (ATCC 4797). 

The results obtained in these studies show that the inclusion of a source 
of APF in the basal diet relieved the need for supplementary methylating 
compounds under the experimental conditions. ‘This indicates that at 
least one metabolic function of APF is concerned with transmethylation. 
It appears probable either (a) that transmethylation is more efficient in the 
presence of an adequate amount of APF or (6) that a partial deficiency of 
APF creates or stimulates metabolic processes which require excess methy! 
groups. Further work is required to show whether the activity of the liver 
paste is due to vitamin By or to some other component of APF. 


Agricultural Experiment Station and M. B. Giius 
the School of Nutrition L. C. Norris 
Cornell University 
Ithaca 


Received for publication, March 9, 1949 
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? Gillis, M. B., Heuser, G. F., and Norris, L. C.,./. Nutr., 28, 153 (1942); and un- 
published work. 
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XANTHINE: OXIDASE IN THRE LIVERS OF RATS RECEIVING 
PURIFIED AND STOCK DIETS 


Nurs: 


It has been reported recently by Keith et al.! that chick liver xanthine 
oxidase is Inversely related to the folic acid content of the purified diet fed. 
These investigators also found the average xanthine oxidase activity of 
livers of chicks fed a commercial diet to be less than for chicks fed a purified 
diet plus excess tohe acid. Westerfeld and Richert®? reported an opposite 
effect with rats fed commercial and purified diets. They found that nor- 
mal weanling rats which possess about one-half the average xanthine oxi- 
dase activity of healthy, mature rats showed no change in this starting level 


Xanthine oxidase activity is expressed as ¢.mm. of oxygen absorbed per hour per 
gm.of whole tissue. Group L animals were fed the purified diet used by Petering and 
Delor* from 28 days. Group II received the same purified diet, plus a supplement 
of 0) y of folic acid per 100 gm. of diet. Group III rats were fed an adequate stock 
diet from weaning time. The age of the rats varied from 10 to 40 weeks. 


Group I Group II Group III 
Rat No. Activity Rat No Activity Rat No. | | Activity 

l 176 l 11S 1 593 
2 126 2 17S 2 408 
3 300) 3 116 3 468 
4 16S 1 306 4 367 
226 5 360 
6 294 6 312 
7 292 7 360 
8 250) 

Average... 235 1S0 410 


* Petering, H. F., and Delor, R. A., Science, 105, 547 (1947). 


when fed a purified diet for 6 weeks. However, when the weanling rats 
were placed on a commercial diet, or the purified diet plus raw cream, the 
xanthine oxidase activity increased to near normal within 2 weeks. This 
was taken to indicate the existence of a new dietary factor essential for 
maintenance of normal levels of liver xanthine oxidase. 

During the course of our studies* on the inhibition of xanthine oxidase 
activity, we have observed the same effect noted by Westerfeld and Richert. 


Keith, C. K., Broach, W. J., Warren, D., Day, P. L., and Totter, J. R., J. Biol. 
Chem., 176, 1095 (1948). 
* Westerfeld, W. W., and Richert, D. A., Sctence, 109, 68 (1949). 
*To be published later. 
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Our data indicate a somewhat higher xanthine oxidase activity in the livers 
of rats fed an adequate stock diet than in those fed a purified diet contain. 
ing 2 per cent sulfasuxidine, either with or without added folic acid. When 
folic acid was acded to the purified diet we found the rat liver to show a 
small but noticeable decrease in enzyme activity. 

The xanthine oxidase activity of the livers was measured by the method 
of Axelrod and Elvehjem.* The data shown in the table seem sufficient to 
indicate that rat liver xanthine oxidase activity in animals receiving a puri- 
fied diet is somewhat less than in animals receiving adequate nutrition. 
Because of the small number of animals studied and the individual varia- 
tions in activity of the livers, the small decrease in enzyme activity when 
folic acid was added to the purified diet may not be significant, but it does 
correspond qualitatively to Keith’s findings with chicks. 


Research Laboratories, The l pjohn J. A. Scumirr 
Company H. G. Pererine 
Kalamazoo, Michigan 


Received for publication, March 10, 1949 


‘ Axelrod, A. E., and Elvehjem, C. A., J. Biol. Chem., 140, 725 (1941). 
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ENZYMATIC SYNTHESIS OF CITRIC ACID BY CONDEN- 
SATION OF ACETATE AND OXALACETATE* 


Sirs: 
There is evidence that oxidative breakdown of carbohydrate and fatty 
acids leads to a common acetyl derivative, which through condensation 


The values are measured in micromoles. 


Citrate found 


Complete §NoCoA No ATP No Mg** No OAA | No acetate 
—60.86, 1.26 0.06 0.09 0.57 0 0.06 
“ acetoacetate....... 0.39 0.07 0.07 | 0 
, Citrate found | d-Isocitrate found 
Additions | 
15 min.  3min. 6 min. | 15 min. 30 min. 60 min. 
Complete system. .....| 0.30 0.45 1.17 <0.005 <0.005 <0.005 
cs-Aconitate (1 um). .... O 0 0.17 0.04 0.09 0.22 


i-Isocitrate (1 um)....... 0 0.05 0.09 0.90 0.82 0.69 


1.0 ml. of the complete system contained: enzyme (12 to 15 mg. of protein) in 0.02 
uv NaHCO, 0.4 ml.; 0.025 mM potassium phosphate buffer, pH 7.0; Co A, 2.25 to 5 
units; oxalacetate (OAA), 17 wm; acetate (or acetoacetate), 20 um; ATP, 3 um; MgCl, 
tum, L-cysteine, 10 um (no Co A, ATP, OAA, or acetate present in samples with 
added tricarboxylic acids). Incubated 60 minutes (unless otherwise stated) in 5 
yer cent CO, and 95 per cent Nz at 25°. Citrie acid determined chemically (Krebs, 
H.A., and Eggleston, L. V., Biochem. J ., 38, 426 (1944)); isocitrie acid enzymatically 
Ochoa, S.,J. Biol. Chem.,174, 133 (1948)). Weare indebted to Dr. D. Nachmansohn 
fora generous gift of «a Co A preparation made by Parke, Davis and Company. 
This material was partially purified by precipitation with barium salts and acetone. 


Thesame results were obtained with a highly purified sample of Co A kindly supplied 
w Dr. F. Lipmann. 


wth oxalacetate undergoes complete oxidation via the tricarboxylic 
tyele.' Recent work strongly suggests that coenzyme A (Co A) is involved 


* Aided by grants from the United States Public Health Service, the American 
Cancer Socict vy (recommended by the Committee on Growth of the National Research 
Vouncil), the Otlice of Naval Research, and the Rockefeller Foundation. 

‘Wood, H. G., Physiol. Rev., 26, 198 (1946). 
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in the above condensation’ and shows that an active acetate can be gen- 
erated from acetate and ATP.*: 4 

We find that ammonium sulfate fractions from extracts of acetone-dried 
pigeon liver, prepared and aged as described by Kaplan and Lipmann:. § 
readily form citrate from acetate (or acetoacetate) and oxalacetate in the 
presence of ATP, Co A, and Mg** (see the table).6 The aconitase eon- 
tent of some preparations is so low that equilibrium between the three 
tricarboxylic acids fails to be established. It thus appears that citrate, 
rather than cis-aconitate or isocitrate, is the condensation product. Con- 
densation between an acetyl phosphate‘ and oxalacetate may result in the 
intermediate formation of citryl phosphate. 

Since acetoacetate is less effective than acetate in forming citrate, it 
may be concluded that the keto acid does not condense with oxalacetate 
and must first undergo cleavage. 

Oxalacetate markedly depresses the synthesis of acetoacetate and the 
acetylation of sulfanilamide. This may indicate, as suggested by Soodak 
and Lipmann? for the above reactions, that the same acety] derivative is 
involved in the three condensations. 


Department of Pharmacology Joseru R. Stern’ 
New York University College of Medicine SEVERO OcHoa 
New York 


Received for publication, March 15, 1949 

* Novelli, G. D., and Lipmann, F., /. Biol. Chem., 171, 833 (1947). The rdéle of 
pantothenic acid in pyruvate oxidation was demonstrated by Dorfman, A., Berk- 
man, 8., and Koser, 8. A. (J. Biol. Chem., 144, 393 (1942)). 

* Kaplan, N. O., and Lipmann, F., J. Biol. Chem., 174, 37 (i948). Soodak, M., 
and Lipmann, F., J. Biol. Chem., 175, 999 (1948). Activity of ATP + acetate in 
biological acetylations (choline) was first demonstrated by Nachmansohn and 
Machado (J. Neurophysiol., 6, 397 (1943)). 

‘This may be the ATP-acetate reaction product described by Kaplan and Lip- 
mann (J. Biol. Chem., 176, 459 (1948)). 

* Kaplan, N. O., and Lipmann, F., Federation Proc., 6, 266 (1947). 

* The presence of cysteine is essential. 

7 Fellow in the Medical Sciences of the National Research Council. 


THE SYNTHESIS OF GLUTATHIONE IN CELL-FREE PIGEON 
LIVER EXTRACTS* 
Sirs: 


It has been shown previously that isotopic glycine is incorporated into 
glutathione in rat liver slices! and in homogenates of pigeon liver.? Fur- 
ther study has shown that glutathione synthesis, as measured by the incor- 
poration of C'-glycine, also proceeds rapidly in the supernatant fluid of 


Incorporation of C'*-Glycine into Glutathione in Extracts of Acetone-Dried Pigeon Liver 


5 gm. of acetone powder from pigeon liver were extracted with 55 ml. of 0.15 m 
NaCl, 0.02 m NaHCO, and 0.001 mM cysteine. Each flask contained 5 ml. of centri- 
fuged extract, 1.2 ml. of 0.32 Mm glutamate, 1.2 ml. of 0.16 m C'*-glycine (specific 
activity 100,000 e.p.m.), 0.4 ml. of 0.16 M cysteine, 1 ml. of 0.15 mw KCI, 2.5 ml. of 
).1m phosphate buffer (pH 7.4), and 0.5 ml. of 0.15 MMgsSO,. Total volume, 12.2 
ml. The solutions were incubated in N, at 37° for 1 hour. After incubation, 30 
mg. of carrier glutathione were added and glutathione isolated as the cuprous mer- 
captide (Waelsch, H., and Rittenberg, D., J. Biol. Chem., 139, 761 (1941)). 


Specific activity in 
Addition glycine moiety of glu 
tathione 


counts C™ per min. 


2. None 73 
3 ATP 0.001 0.002 
ATP glutamate replaced by L-glutamine 705 
5. Same as (1), extract heated at 100° for 5 min. 10 


pigeon liver homogenates which had been centrifuged at 2000g for 10 min- 
utes. Practically no enzyme activity remains in the sediment and addition 
of heat-inactivated supernatant fluid or of cytochrome c, adenosine triphos- 
phate, and succinate to the particulate matter is without effect. 

Saline-bicarbonate extracts of acetone-dried pigeon liver were found to be 
as active enzymatically as whole homogenates. The C™ content of the glu- 
tathione in Experiment 1 corresponds to the synthesis of 1.7 mg. of the tri- 
peptide per gm. of dried liver per hour. The data in the table demonstrate 
that in such extracts the formation of labeled glutathione requires the pres- 
ence of adenosine triphosphate. In this system glutamine only partially 
replaces glutamic acid. Ammonium chloride in relatively low concentra- 

* Aided in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chieago. 

‘Bloch, K., and Anker, H.S., J. Biol. Chem., 169, 765 (1947). 

* Bloch, K., unpublished work. 
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tions depresses the level of synthetic activity. These two observations 
indicate that glutamine is not an intermediate in glutathione synthesis, and 
therefore that ATP does not exert its effect through the formation of glu- 
tamine.* 


Department of Biochemistry and the Rosert B. Jounston‘ 
Institute of Radiobiology and Konrap Biocu 
Biophysics 

University of Chicago 
Chicago 


Received for publication, March 18, 1949 


*Speck, J. F., J. Biol. Chem., 168, 403 (1947). 
* National Cancer Institute Predoctorate Research Fellow. 
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THE FORMATION OF THE 8-CARBON OF SERINE 
FROM CHOLINE METHYL GROUPS* 


Sirs: 


Ina previous communication! we have presented evidence indicating that 
in the rat glycine is converted to serine via condensation with formate or a 
formate derivative. Some of this “formate” is*formed from the a-carbon 
of glycine itself.’ 


COOH* a® 


The administered choline contained 1.66 X 105 counts per minute per mg. of 
methyl carbon. 14 per cent of the choline C'* was recovered in the respiratory 


COs. 


*Counts per minute per mg. of carbon. 


In the present investigation we have studied the possibility that ‘for- 
mate’ may also be formed from one or more of the choline methyl groups. 
According to this hypothesis, liver serine isolated after the administration 
of C*-methyl-labeled choline should contain C™ in the 8 position. 

Two male rats weighing a total of 333 gm. were given 5 mo of glycine per 
100 gm. by stomach tube and 0.045 ma of C™-methyl-labeled choline per 
100 gm. subcutaneously. The latter dose was repeated at 2 and 4 hours 
following the original injection. After 14 hours the animals were sacri- 
ficed. Serine was isolated from the livers and degraded as* previously 
described.! 

The results of the C™ analyses, shown in the table, support the hypothe- 
sis that at least one of the methyl groups of choline may be converted to 
“formate.”’ The serine contained high C™ activity, almost all of which was 
located in the 8 position. 

This experiment indicates that one or more of the choline methyl groups 
may be converted to formate or a formate derivative and condensed with 
glycine to form the 8-carbon of serine. The in vivo oxidation of the methy] 


* Aided by a grant from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council, and by support of the Elisabeth 
Severance Prentiss Foundation. 

'Sakami, W., J. Biol. Chem., 176, 995 (1948). 

*Sakami, W., in press. 
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group of methionine to CO., reported by Mackenzie et al.,3 may occur over 
this pathway, since this group is transferable to choline.‘ 

The author wishes to express his appreciation to Dr. H. G. Wood for his 
interest in this investigation. 


Department of Biochemistry WARWICK Sakami! 
School of Medicine 
Western Reserve University 


Cleveland 
Received for publication, March 21, 1949 


* Mackenzie, C. G., Chandler, J. P., Keller, E. B., Rachele, J. R., Cross, NX. 
Melville, D. B., and du Vigneaud, V., J. Biol. Chem., 169, 757 (1947). 

‘du Vigneaud, V., Cohn, M., Chandler, J. P., Schenck, J. R., and Simmonds, §., 
J. Biol. Chem., 140, 625 (1941). Keller, E. B., Rachele, J. R., and du Vigneaud, V,, 
J. Biol. Chem., 177, 733 (1949). 

‘ With the technical assistance of Jean Lafaye. 
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THE ENZYMATIC TRANSFORMATION OF GALACTOSE INTO 
GLUCOSE DERIVATIVES 
Sirs: 


Extracts of galactose-fermenting yeasts contain the enzyme galacto- 
kinase,! which catalyzes a transphosphorylation between adenosine tri- 
phosphate and galactose. The reaction product galactose-1-phosphate was 


—_ 

| 

% 


micromoles of glucose-6-phosphare 
& 


no galactose-1- phosphate 


—. enzymes of S. fragilis 
10 20 


minutes 


Fie. 1. The transformation of galactose-1-phosphate into glucose-6-phosphate. 
Whole system, 2 um of galactose-1-phosphate, 1 um of MgSQ,, 0.03 ml. of partially 
purified S. fragilis enzyme, 0.01 ml. of muscle extract containing phosphogluco- 
mutase, and 0.05 ml. of purified thermostable factor from yeast; total volume, 2.3 
ml. The glucose-6-phosphate is measured by its reducing power.° 


known to be transformed by crude extracts? probably to glucose-6-phos- 
phate. 
A study of this reaction showed that, when a partially purified enzyme of 
Saccharomyces fragilis was used, two additional factors are necessary for 
'Trucco, R. E., Caputto, R., Leloir, L. F., and Mittelman, N., Arch. Biochem., 
18, 137 (1948). 


* Kosterlitz, H. W., Biochem. J., 33, 1087 (1939). Caputto, R., Leloir, L. F., 
Truceo, R. E., Cardini, C. E., and Paladini, A., Arch. Biochem., 18, 201 (1948). 
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maximum activity (Fig. 1). One is thermolabile and the other thermo 
stable. The thermolabile factor is present in muscle and has been identi. 
fied with phosphoglucomutase by using this enzyme as purified by Najjar! 
or yeast extract plus glucose diphosphate.*:* The reaction would be 


Galactose-1-phosphate — glucose-1-phosphate — glucose-6-phosphate 
(a) (b) 


In the absence of phosphoglucomutase, glucose-l-phosphate accumu- 
lates, as may be ascertained by destroying the S. fragilis enzyme by heat- 
ing, adding phosphoglucomutase, and then measuring the glucose-6-phos- 
phate formed. 

The thermostable factor has been found to act in reaction (a), and is dif- 
ferent from glucose diphosphate, which acts in reaction (b). This factor is 
present in mammalian liver and in commercial yeast. It is hoped that its 
identification will cast some light on the long sought mechanism of the in- 
version at C, in hexoses. 


Instituto de Investigaciones Bioqui- R. Carurto 
micas Luis F. 
Fundacién Campomar R. E. Trucco 
Buenos Aires, Argentina C. E. Carpini 
A. C. Pauapini 
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3 Paladini, A. C., Caputto, R., Leloir, L. F., Trueco, R. E., and Cardini, C. E., 
Arch. Biochem., in press. 

* Najjar, V. A., J. Biol. Chem., 175, 251 (1948). 

‘ Leloir, L. F., Trucco, R. k., Cardini, C. E., Paladini, A., and Capuito, R., 
Arch. Biochem., 19, 339 (1948). 
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DISTRIBUTION OF LABELED CARBON IN PLANT SUGARS 
AFTER A SHORT PERIOD OF PHOTOSYNTHESIS 
IN C¥O,* 


Sirs: 


Aronoff et al.' reported that sugars isolated from barley seedlings which 
had assimilated C'O, contained labeled carbon in all positions. Most of 
the label was in carbons 3 and 4, while carbons | and 6 had! the least amount 
of label and positions 2 and 5 were intermediate. 


Sugar Organism Carbons 1.6  Carbons2.5 3.4 
Animal glucose........... Rat 3.3 94.7 
thr. monosaccharide..........| Barley 56 28 15 
...| Canna 34 33 33 


The figures in the table represent the percentage of radiocarbon in the various 
positions. 


It has been found in this laboratory that sugars isolated from plants 
which have photosynthesized in C™O, for 1, 2, and 24 hours have radioac- 
tive carbon in all positions; however, in the 1 and 2 hour periods of photo- 
synthesis in barley the distribution of the label was opposite to that re- 
ported by Aronoff, Barker, and Calvin. The greatest percentage of the 
label was in positions 1 and 6, while positions 3 and 4 contained the small- 
est percentage of radioactive carbon. 

The sugars were degraded according to the method of Wood et al.2. Lac- 
lobacillus casei Strong, obtained from the American Type Culture Collec- 
tion, was used to ferment the sugars to lactic acid. Sucrose was degraded 
by hydrolysis with invertase, followed by L. casei fermentation. 

In order to check the procedures used in degradation, glucose obtained 
by hydrolysis of labeled rat liver glycogen prepared by the method of 
Lilversmit et al.* was degraded by the identical procedure used for the 


* This research was carried out at the Brookhaven National Laboratory under 
the auspices of the Atomic Energy Commission. 

‘Aronoff, S., Barker, H. A., and Calvin, M., J. Biol. Chem., 169, 459 (1947). 

* Wood, H. G., Lifson, N., and Lorber, V., J. Biol. Chem., 159, 475 (1945). 

*Zilversmit, D. B., Chaikoff, I. L., Feller, D. D., and Masoro, FE. J., J. Biol.Chem., 
176, 389 (1948). 
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plant sugars. The degradation results on this hydrolyzed glycogen agree 
with those recently reported by Shreeve et al.‘ 
Department of Biology MARTIN Grpps 
Brookhaven National Laboratory 
Upton, New York 


Reeeived for publication, March 24, 1949 


‘Shreeve, W. W., Feil, G. H., Lorber, V., and Wood, H. G., J. Biol. Chem., 1M, 
679 (1949). 
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THE MECHANISM OF ACTION OF PHOSPHOGLUCOMUTASE 
AND PHOSPHOGLYCERIC ACID MUTASE 


Sirs: 


It was shown in a previous note! that the conversion of glucose-1-phos- 
phate (G-1-P) to glucose-6-phosphate (G-6-P) by crystalline phosphoglu- 
comutase requires the presence of catalytic amounts of glucose-1 ,6-diphos- 
phate (G-1,6-P), confirming a scheme proposed by Leloir and coworkers.’ 


6-P 1-P 6-P 1-P 


1-P 6 1 §-P 

When a-G-1-P containing C' and P*® was incubated with enzyme and 
non-radioactive synthetic a-G-1,6-P, the radioactivity of both the carbon 
and phosphorus became evenly distributed among the three compounds 
participating in the reaction, in agreement with the above scheme. 

In an analogous manner the mutase which catalyzes the reaction, 3- 
phosphoglyceric acid (3-P-GA) = 2-phosphoglyceric acid (2-P-GA), is 
activated by catalytic amounts of 2,3-diphosphoglyceric acid (2,3-P-GA), 
a compound which Greenwald? isolated from red blood corpuscles. This 
can be demonstrated in dialyzed extracts of previously perfused muscle 
as well as with a protein fraction which precipitates between 0.4 and 0.5 
saturation with ammonium sulfate. In the two experiments shown the 
conversion of 2-P-GA to 3-P-GA was measured polarimetrically.‘ 

The catalytic action of 2,3-P-GA could also be demonstrated in a system 
consisting of purified enolase and phosphoglyceric mutase. Starting with 
3-P-GA, the formation of phosphopyruvate (measured spectrophotometri- 
cally at 240 my) was accelerated by 2,3-P-GA; likewise, after the enolase 
equilibrium had been established with 2-P-GA, the disappearance of phos- 
phopyruvate on addition of mutase was accelerated by 2,3-P-GA. Ina 
representative experiment, during 20 minutes of incubation, 0.11 um of 
phosphopyruvate per ml. disappeared without and 3.4 um with the addition 
of a catalytic amount of 2,3-P-GA; the latter value corresponded to that 
expected for the enolase-mutase equilibrium. 


‘Sutherland, k-., Posternak, T., and Cori, C. F., Federation Proc., 8, 258 (1949). 

*Leloir, L. F., Trueco, R. E., Cardini, C. E., Paladini, A., and Caputto, R., 
Arch. Biochem., 19, 339 (1948). 

* Greenwald, 1., /. Biol. Chem., 63, 339 (1925). 

‘Meyerhof, O., and Schulz, W., Biochem. Z., 297, 60 (1938). 

*Warburg, 0., Biochem. Z., 310, 384 (1942). 
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p(— )-3-P-GA containing P** was incubated with enzyme and non-radio- 
active 2,3-P-GA. Separation of the components was effected by the dif- 
ferential solubility of their brucine salts in water, 2,3-P-GA being the least 


ot or ato time (added added 5-P-GA formed 
min. per mi. uM per mi. per mi. 
0.0-0.5 15 8.6 None 0.87 
15 8.6 0.013 4.85 
0.4-0.5 15 12.5 None 0.52 
15 12.5 0.0065 2.52 
15 12.5 


0.0260 | 5.89 


soluble. The distribution of P** was in accord with the following equation 
(which is analogous to that given for phosphoglucomutase). 


2-P 3-P 2-P 3-P 
GA + GA roo > Gs + GA 
3-P — 2 3 2-P 


It may be pointed out that other phosphomutases are known to exist 
(e.g., those for ribose-l-phosphate and desoxyribose-1-phosphate), which 
may have the same mechanism of action. 


Department of Biological Chemistry Earu W. SUTHERLAND 
Washington University School of T. Z. 
Medicine F. Cort 
St. Louis 


Received for publication, March 31, 1949 


* Research Fellow of the Rockefeller Foundation. 


INHIBITION OF PHOSPHORYLATION BY AZIDE IN KIDNEY 
HOMOGENATE 


Sirs: 
Azide and dinitrophenol have lately come into collateral use’ as standard 


reagents in the study of the biochemistry of growth. Such experiments had 
been mainly carried out with intact organisms or tissues. In a recent com- 


TaBLe I 


All Warburg cups contained 1.0 ml. of washed kidney homogenate plus additions 
ss described in our previous communication.* Sodium azide (Eastman, practical) 
was added from a side arm together with 0.5 ml. of 0.1 m K;Fe(CN). after flushing 
of the vessels with N:. Time 5 minutes; temperature 37°. 


Additions Ferrocyanide pro- | Phosphate uptake P/2Fe(CN) = 
43.5 18.7 0.86 
1.7X m NaNg....... 46.5 6.1 0.26 
45.8 3.2 0.14 
41.8 | 1.3 0.06 


All figures in micromoles. 
*Ferrocyanide was measured colorimetrically with ferric iron-gum ghatti solu- 
tion after Folin and Malmros (J. Biol. Chem., 83, 115 (1929)). 


TaBLeE II 


All the cups were as described above, with the exception that adenosine-5-phos- 
phate was added only as described below. Temperature 37°; time 5 minutes. 


Adenosine-S-phosphate, m......... 0 0 6.7 X | 6.7 10-4 
0 1 X 10-3 0 1X 10-2 
Ferrocyanide produced (uM)... ............ 7.5 17.8 27.2 27.5 


munication we reported?:‘* that in tissue homogenates dinitrophenol dis- 
weiates the hydrogen transfer reaction from the generation of phosphate 
bonds and makes the system apparently independent of the presence of 
norganic phosphate. 

The rather striking analogy of the biological action of azide to that of 
dinitrophenol made it particularly desirable to attempt likewise to localize 


‘Clifton, C. E., Advances in Enzymol., 6, 269 (1946). Spiegelman, S., Kamen, 
M. D., and Sussman, M., Arch. Biochem., 18, 409 (1948). 

*Hall, T. S., and Moog, F., J. Exp. Zool., 109, 339 (1949). 

‘Loomis, W. F., and Lipmann, F., J. Biol. Chem., 178, 807 (1948). 

‘Cross, R. J., Taggart, J. V., Covo, G. A., and Green, D. E., J. Biol. Chem., 
655 (1949). 
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its point of attack. Preliminary results with respiring homogenates 4]- 
ready suggested a dissociation of respiration from phosphorylation. How- 
ever, the well known sensitivity of the oxygen-activating system to azide 
overlapped so closely with the effect on phosphorylation that this system 
appeared unsuited for obtaining clear cut evidence. It subsequently ap- 
peared that oxygen could be effectively replaced by ferricyanide as hydro- 
gen acceptor, whereupon the hydrogen transfer reaction became insensitive 
to both cyanide and azide. Such a system appeared to be better suited for 
a study of the azide effect. The following experiment now shows an unam- 
biguous interference by azide with phosphorylation, with yeast hexokinase- 
fructose as the phosphate bond acceptor system. 

This inhibition is easily reversible by washing the residue. A further 
analysis suggests that azide acts between the primarily formed phosphate 
bond and adenylic acid, since inorganic phosphate appears still to be es- 
sential for the hydrogen transfer reaction, while adenylic acid may at least 
partially be “‘replaced”’ by azide, as shown in the subsequent experiment. 

Experiments in progress show that dyes like methylene blue and cresyl 
blue, although accelerating respiration, disrupt the link to phosphorylation 
and replace inorganic phosphate.® 


Department of Biology W. F. Loomis 
Massachusetts Institute of Tech- 
nology 
Cambridge 
Biochemical Research Laboratory, Fritz LipMann 


Massachusetts General Hospital, 
and the Department of Biological 
Chemistry 

Harvard Medical School 

Boston 


Received for publication, April 1, 1949 


§ The authors wish to express their thanks to Miss Helen Vavoudes for technical 
assistance. 
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THE PHEOPORPHYRIN NATURE OF CHLOROPHYLL ec 
Sirs: 


Strain and coworkers! have definitely established the fact that there exists 
in the diatoms, dinoflagellates, and brown algae, besides chlorophyll a, 
another green pigment to which they have given the name chlorophyll c. 
We have recently isolated a small quantity of this pigment from a 
Laminaria species obtained from Woods Hole, and have confirmed the 
absorption spectrum of Strain et al., which so far has been the only property 
identifying this pigment. 

We have now found that this compound is a Mg complex, the Mg having 
heen identified by a micro modification of the titan yellow method.? In 
contrast to the traces of acid which are sufficient to split Mg from chloro- 
phyll a and 6, the removal of Mg from this compound requires a surpris- 
ingly high acidity, in the neighborhood of 3 to 4. N HCl. 

The HCI number of this compound devoid of Mg is about 12, indicating 
that it does not possess a phytol group. Its spectrum resembles that of a 
pheoporphyrin rather than a pheophorbide (7.e. pyrrole Ring IV is not 
reduced). The presence of a cyclopentanone ring is suggested by the posi- 
tive phase test and the formation of a chloroporphyrin type of spectrum on 
tratment with methyl alcoholic HCI. 

These properties of chlorophyll ¢ suggest that this compound may be a 
modified Mg pheoporphyrin, containing an as yet unidentified chromophore 
group and lacking phytol. According to this interpretation the compound 
would then be more closely related to protochlorophyll than to chlorophyll. 
Further work is contemplated when more material becomes available. 


The Rockefeller Institute for Medical 
Research 
New York 


S. GRANICK 
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‘Strain, H. H., and Manning, W. M., J. Biol. Chem., 144, 625 (1942). Strain, 
H. H., Manning, W. M., and Hardin, G., J. Biol. Chem., 148, 655 (1943). 


*Ludwig, E. E., and Johnson, C. R., Ind. and Eng. Chem., Anal. Ed., 14, 895 
(1942), 
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PARTIAL SYNTHESIS OF COMPOUNDS RELATED TO ADRENAL 
CORTICAL HORMONES 


XII. PREPARATION OF 17-HYDROXYPROGESTERONE AND OTHER 
17a-HY DROXY-20-KETOSTEROIDS* 


Sirs: 


A 17-hydroxy! group in the proper spatial configuration greatly enhances 
the biological activity of adrenocortical hormones compared with other 
steroids lacking this functional group. The partial synthesis of this im- 
portant class of substances has been difficult because of the unavailability 
of the initial reactants. Introduction of the 17-OH group in the natural 
configuration has been hitherto achieved through OsO, oxidation of the 
47 unsaturated steroids' and more recently by reduction of 16,17- 
epoxy-20-ketosteroids with LiAIH,.2 We wish to report a simple procedure 
for the direct introduction of a 17a tertiary alcohol group into the readily 
available 20-ketosteroids. 

Treatment of the enol acetate of a 20-ketosteroid with a concentrated 
solution of perbenzoic acid in either benzene or chloroform results in forma- 
tion of a 17-hydroxysteroid where the tertiary alcohol group occupies the 
desired a configuration. Oxidation of such enol acetates with CrQOy, in a 
biphasic system likewise effects hydroxylation at C-17 in the e@ configura- 
tion, although the yield is less satisfactory than that obtained with perben- 
zoic acid. 

In a typical experiment 4.96 mm of perbenzoic acid in 8.0 ml. of chloro- 
form were added to 3.75 mM (1.51 gm.) of amorphous 3a,20-diacetoxy- 
4"-*pregnene.? The solution warmed spontaneously and was stored for 2 
hours; titration of an aliquot indicated that approximately 90 per cent of 
the enol acetate had reacted. The neutral reaction product was saponi- 
fed at room temperature for 30 minutes and yielded a crystalline com- 
pound melting at 193-200°. Recrystallization from acetone gave pure 
3a, 17a-dihydroxypregnan-20-one, m.p. 208-209.5°; [a]? = +63° (eth- 
anol). The infra-red spectrum was identical with that of an authentic 


* The work herein reported was supported by grants from the Jane Coffin Childs 
Memorial Fund for Medical Research, the Anna Fuller Fund, the Lillia Babbit 
Hyde Foundation, and the National Cancer Institute, United States Public Health 
Service. 

'Serini, A., Logemann, W., and Hildebrand, W., Ber. chem. Ges., 72, 391 (1939). 
Sarett, L. H., J. Biol. Chem., 162, 601 (1946). 

* Plattner, P. A., Heusser, H., and Feurer, M., Helv. chim. acta, 31, 2210 (1948). 
Julian, P. L., Meyer, E. W., and Ryden, I., J. Am. Chem. Soc., 71, 756 (1949). 

*Marshall, C. W., Kritchevsky, T. H., Lieberman, S., and Gallagher, T. F., 
J. Am. Chem. Soc., 70, 1837 (1948). 
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sample. This compound has been identified as a urinary metabolite by 
Lieberman and Dobriner... The monoacetate, prepared with acetic ap. 
hydride and pyridine, melted at 198.5-199.5° and exhibited an infra-red 
spectrum identical with that of the known compound. Oxidation of the 
acetate with chromic acid yielded 3a-acetoxyetiocholan-17-one, mp, 94 
95°. 

In similar fashion 33 ,17a-dihydroxyallopregnan-20-one (Reichstein’s 
compound L) was prepared trom the enol acetate of allopregnanolone. 
The product melted at 257-259° (capillary); [a]?? = +31.7° (ethanol). 
The monoacetate melted at 188-190°; [a]? = +16° (acetone). 

Oxidation of with \V-bromoucetamide 
vielded 17a-hydroxypregnan-3 ,20-dione, m.p. 215-217; la]? = 
(ethanol); CoH gO 3, calculated, C 75.82, 9.70; found, C 76.05, 9.60. 
Bromination of the diketone followed by dehydrobromination with pyri- 
dine vielded 17a-hydroxyprogesterone, m.p. 219-220°; = 16,500 
(ethanol). The product showed no depression of melting point upon ad- 
mixture with an authentic sample obtained from adrenal glands (kindly 
furnished by Dr. M. Kuizenga). 

We have also prepared these adrenal cortical hormones with deuterium 
in known stable positions, ¢.g. at 11 and 12 and at 5 and 6. These com- 
pounds will be employed in metabolic studies with human subjects. 


Sloan-Kettering Institute for Cancer Tueopore H. Krivcnevssy 


Research T. F. 
New York 


Received for publication, March 28, 1949 


‘ Lieberman, 8., and Dobriner, K., J. Biol. Chem., 161, 269 (1945). 
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THE NEV UTILIZATION OF AMMONIUM NIEPROGEN BY THE 
GROWING RAT* 


Sirs: 


While it is well known that ruminants (with the aid of rumen microor- 
ganisms) can utilize ammonium salts and urea in lieu of dietary protein,’: * 
it has long been held that monogastric animals cannot.' In view of the 
findings of Foster, Schoenheimer, and Rittenberg* that dietary ammonium 
XN" is rapidly incorporated into rat tissue proteins, it seemed possible that 
the nitrogen of ammonium salts might be utilized to replace that of the 
‘non-essential’? amino acids. This possibility has been tested with rats 
fed low levels of the essential’ amino acids. 


Loti | Lot Il | Lot | Lot IV Lot V 


1.01 | 0.82 1.09 


| 1. 
Weight gain during 2nd-4th wks., 48, 43 66, 24, 27 29, 27 47, 48 
Average daily N intake, mg.*......... 126.3 153.8 106.7 67.8 137.0 
“ urinary N, mg.*........| 30.6 | 27.6 | 29.8 | 10.2 | 12.7 


* The nitrogen balance data were obtained for 6 consecutive days during the 4th 
week of the experiment. 


A basal diet of amino acids, sucrose 15, corn oil 5, Phillips and Hart salt 
mixture 4, crystalline vitamins 0.3,5 liver extract 1:20 (Wilson) 0.1, and 
dextrin to make 100 per cent was used. Vitamins A and D were given by 
dropper weekly. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Nutrition Foundation, 
Ine. The authors wish to thank Dr. D. F. Green of Merck and Company for the 
generous supplies of pL-threonine, Dr. M. Stahmann for papain, and Dr. D. G. 
Daugherty and Mr. E. A. Popenoe for details of methods they have developed for 
the resolution of amino acids. 

‘Mitchell, H. H., and Hamilton, T. S., The biochemistry of the amino acids, 
New York, 571 ff. (1929). 

Pin E. B., Bohstedt, G., Deobald, H., and Wegner, M. 1., J. Dairy Sc., 22, 
(1939). 


* Foster, G. L., Schoenheimer, R., and Rittenberg, D., J. Biol. Chem., 127, 319 
(1939) . 


‘Rose, W. C., Oesterling, M. J., and Womack, M., J. Biol. Chem., 176, 753 (1948). 
* Betheil, J., Wiebelhaus, V. D., and Lardy, H. A., J. Nutr., 34, 431 (1947). 
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Lot I was fed a mixture of eighteen amino acids similar to Mixture XXII] 
of Rose et al.‘ except that the level of phenylalanine was increased 33 
cent and tyrosine was omitted. The mixture was fed at a level of 10.3 per 
cent of the diet. Lot II received only the essential amino acids at a level 
of 8 per cent and diammonium citrate (2.15 per cent) to raise the level of 
total nitrogen to that of Lot I. Lot III received only the essential amino 
acids, and Lot [V same as Lot III except that L-valine, L-isoleucine, 1, 
threonine, and L-phenylalanine replaced the pi forms of these amino acids, 
Lot V received the same as Lot IV plus diammonium citrate at 2.15 per 
cent. The nitrogen content of the rations is shown in the table. The dif- 
ference in nitrogen content between Lots III and IV and Lots IT and V re. | 
sults from the p-amino acids present in the first of each pair. The rations 
were fed ad libitum. ‘Two weanling male rats were used per lot. The | 
amino acids not available commercially in pure form were prepared by a | 
resolution procedure developed by Dr. D. G. Daugherty and Mr. E. A, | 
Popenoe. 

As shown in the table, diammonium citrate added to diets containing only 
6.4 per cent of a mixture of essential physiologically active amino acids | 
gave as great a growth response (Lots II and V) as did the non-essential 
amino acids (Lot I). That the inorganic nitrogen is being incorporated 
into organic forms is demonstrated by the fact that the amount of urinary 
ammonium nitrogen in Lots II and V is about 10 per cent of that ingested 
and is not far greater than the amount excreted by the ratsin Lot I. Nitro 
gen balance studies, urinary analyses for ammonium nitrogen, and growth 
data indicate a net utilization of ammonium nitrogen by the growing rat. 


Department of Biochemistry Henry A. Lappr 
University of Wisconsin Guapys FeE.potr 
Madison 


Received for publication, April 4, 1949 
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GROWTH STUDIES ON TETRAHYMENA GELEII H* 


By LOUIS B. ROCKLAND# ann MAX 8S. DUNN 
(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, October 25, 1948) 


Tetrahymena geleri WH, a holotrichous protozoan, was isolated as a bae- 
teria-free culture in 1931 by Dr. Alford Hetherington at Pacific Grove, 
California. The culture of the ciliate employed in the present studies 
was obtained in 1945 through the courtesy of Dr. George W. Kidder, who 
had received a culture from Dr. R. H. Hall in 1938 (2). Hetherington 
named this microorganism Colpidium campylum, but in 1940 Furgason 
(3) renamed it 7’. geleii, in honor of the eminent protozoologist, J. von 
Gelei. It was observed by Furgason that 7’. gelett and other similar 
organisms differed morphologically from Colpidium and related genera. 

Investigations on the nutrition and metabolism of 7. geleit H were 
initiated by Hall (4~—9) in 1935 and by Kidder (10) in 1939. During the 
past decade, Kidder and collaborators have studied the requirements of 
fT. geleit H and other strains for amino acids (2, 11-15), vitamins (16-22), 
carbohydrates (2, 12), purines (23), pyrimidines (23), nucleosides (23), 
nucleotides (23), growth factors (10, 24-28), and other substances (11, 
20). 

The present authors’ interest in Tetrahymena was stimulated by the 
report of Kidder and Dewey (2, 18, 24) in 1944 that certain amino acids 
were essential for the growth of these protozoa and that bound, as well 
as free, amino acids were utilized. It seemed appropriate, therefore, to 
study further the nutrition of Tetrahymena and to explore the potentiali- 
ties of this organism for the determination of amino acids in unhydrolyzed 
proteins. Although microbiological assay, isotope dilution, amino acid 
decarboxylase, and colorimetric and other procedures were available for 
the determination of free amino acids, there was no general method for 
the determination of bound amino acids. In 1944, Regnery (30) deter- 
mined leucine microbiologically in unhydrolyzed casein with the aid of 

*Paper 51. For Paper 50, see Dunn (1). From the thesis presented by L. B. 
Rockland to the Graduate School of the University of California, Los Angeles, in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy, June, 
148. This work was aided by grants from the National Institutes of Health, United 


States Public Health Service, and the University of California. The authors are 
indebted to Dr. George W. Kidder for cultures of Tetrahymena and to Jose Lieberman 
for technical assistance. 

tJunior Research Fellow. of the National Institutes of Health, United States 
Public Health Service, 1947-48. 
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leucineless Neurospora crassa. Chemical methods for the determination 
of certain amino acids in unhydrolyzed proteins have been reviewed by 
Mitchell and Hamilton (31), Block and Bolling (32), and Martin and 
Synge (33). 


EXPERIMENTAL 


Stock Cultures—Stock cultures of 7. gelett H were maintained at room 
temperature (about 25°) in 18 mm. X 150 mm., cotton-plugged Pyrex 
test-tubes, each containing 15 ml. of broth. The composition of the 
broth, 2 per cent proteose-peptone (Difco) and 1 per cent glucose, was 
that recommended by Dr. Kidder in a private communication. The stock 
cultures remained viable for periods up to 100 days. 

Inoculum—100 ml. of sterile stock-culture broth were sterilized in a 
200 ml. Pyrex centrifuge bottle. The broth was inoculated with a single 
loopful of stock culture, the bottle plugged with gauze-wrapped cotton, 
and the inoculated broth incubated for 7 days at 25°. A rubber band was 
placed around the edges of the cotton plug and the bottle was centrifuged 
about 4 minutes at approximately 500 r.p.m. The bottle was removed 
from the centrifuge immediately after the rotor came to rest.' The plug 
was removed, the mouth of the bottle was flamed, about 90 per cent of the 
supernatant solution was decanted, approximately 90 ml. of sterile dis- 
tilled water were added, and the bottle was flamed and plugged. The 
bottle was centrifuged and the supernatant solution decanted in the manner 
described. This centrifuging and washing procedure was repeated twice. 
The washed inoculum (about 100 ml. final volume) was allowed to stand 
for about 1 hour, after which the supernatant liquid containing the viable, 
more active protozoa was decanted into a sterile flask. The activity 
of the inoculum cells was checked by microscopic examination, since slow 
moving cells with large vacuoles probably are dying and are unsatisfac- 
tory inocula. 

Inoculation Technique—The syringe assembly was removed from a 
Brewer automatic pipetting machine,’ a No. 18 hypodermic needle was 
attached to the valve outlet, and the inlet and outlet tubes were placed 
in a large Pyrex test-tube capped with a heavy cotton plug. This syringe 
assembly was sterilized in an autoclave, allowed to cool to room tempera- 
ture, and mounted on the pipetting machine. The syringe assembly was 


1 Since the viable Protozoa start to swim to the surface of the liquid immediately 
following centrifugation, the latter must be repeated if decantation is delayed much 
more than 10 seconds or the cells are dispersed by jarring the bottle. Centrifuga- 
tion at too high speed or for too long a time and recentrifugation should be avoided, 
since the proportion of organisms killed may be greatly increased. 

? Baltimore Biological Laboratories, Baltimore, Maryland. 
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flushed with the inoculum, after which a 0.20 ml. aliquot of thoroughly 
mixed inoculum was delivered as rapidly as possible into each assay tube. 
The tubes become contaminated occasionally, since flaming them seemed 


Taste I 
Basal Medium for T. Geleiit H* 
Amount Amount 
Component per 1000 
solution solution 
im. ml. 
Glucose 10.0 | Phosphate buffer? 7.5 
Amino acid mixture (see Table 7.0 | Folic acid solution§$ 1.0 
II) mi. Liver extract|| 1.0 
Mineral solution (see Table III) 7.5 
Vitamin Solution I (see Table 6.0 | Cerophyl extract { 100.0 
IV) mg. 
Vitamin Solution II (see Table 7.0 | Guanine chloride 50.0 
V) NaCl** 180 
Nucleic acid hydrolysatet 1.5 


* Final solution brought to pH 7.0 with NaOH. 

t The hydrolysate is a mixture containing 10.0 gm. of yeast nucleic acid (Schwarz 
Laboratories, New York) and 100 ml. of 0.75 n HCl autoclaved for 1 hour at 120°, 
10.0 gm. of the same yeast nucleic acid and 100 ml. of 0.75 n NH,OH autoclaved for 
lhour at 120°. These solutions were combined, brought to pH 7.0 with 0.1 n NaOH 
and stored in a glass-stoppered bottle in the refrigerator. 

{Aqueous solution containing 9.6 gm. of Na,;HPO,-12H,O and 1.9 gm. of 
NaH,PO,-H;0 per 100 ml. 

§ Ethanol! (50 per cent) solution containing 10 mg. of crystalline folic acid (Led- 
erle, No. 7-5582) per 100 ml. 

| A mixture containing 200 gm. of liver concentrate powder (Wilson, 1:20) and 
{liters of distilled water was adjusted to pH 3.0 with H,SO, and filtered through 
Celite. 40 gm. of norit A were added, the mixture stirred for 1 hour, and the sus- 
pension filtered. ‘The filtrate was discarded and the residual norit A eluted with 
500 ml. of a 10 per cent solution of NH,OH in 50 per cent ethanol. The ammonia 
was removed and the solution evaporated by passing a stream of air over the surface 
of the solution. The brown-colored residual solution was diluted to 250 ml. with 
% per cent ethanol and stored in a glass-stoppered bottle in the refrigerator. 

{ Prepared as described by Kidder and Dewey (2). 

** Introduced through neutralization of HCl by addition of NaOH to bring the 
basal medium solution to pH 7.0. 


impracticable; however, contamination is easily detected by visual obser- 
vation after incubation or by inconsistent results from replicate tubes. 
Basal Medium—The composition of the basal medium employed in the 
present studies is shown in Tables I to V. The types and proportions of 
tutrients selected were determined from the results of preliminary ex- 
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periments (not recorded here) on growth and acid? production of T. 
gelett H. The availability of a high quality basal medium made it pos. 
sible to measure the response of the organism in terms of optical density 
of the suspensions and acid formed by the cells rather than by the labori- 
ous cell-counting methods employed previously. It is of interest that the 
authors’ medium contained eight amino aeids, two vitamins, ten mineral 
salts, and some other nutrient materials in addition to those present in any 


TaBLeE II 
Amino Acid Mizture* 


L-Amino acid (anhydrous free base) | Amount | — 1-Amino acid (anhydrous free base) Amount 
per cent per cent 
4.82 | Methionine]]............... 2.57 
Aspartic acid{................ 9.13 | Phenylalanine]|. .......... 4.57 
Glutamic acid................. 5.09 
balks bok ave 2.60 | Threonine||. | $8.77 
9.07 
| | 100.0 


* Amino acids (except test amino acid) ground in a ball mill, as described by 
Rockland and Dunn (34). 

t Equivalent quantity of monohydrochloride used. 

t Natural asparagine may be substituted for L-aspartic acid. 

§ Equivalent quantity of monohydrochloride monohydrate used. 

|| pt form used in twice the specified quantity. 


of the six media employed by Kidder et al. (2, 13-16, 19-21) since 1949. 
Furthermore, the majority of the constituents were present in considerably 
higher concentration in the authors’ medium than in Kidder’s media. 
Microbiological Techniques—The techniques were similar to those em- 
ployed previously with lactic acid bacteria. Water, standard or sample 
solution, and basal medium were added to 18 X 150 mm. test-tubes or 
25 ml. conical flasks with the aid of a Brewer automatic pipette. The 
final volume in each tube or flask was 10 ml. The tubes or flasks were 
plugged with gauze-wrapped cotton‘ and sterilized by heating them for 


* Thomas (35) has shown that under anaerobic conditions T. geleii H produces 
acetic, lactic, and succinic acids. 

‘ Covering each row of tubes with a tightly fitting strip of toweling has also been 
found satisfactory, although it is more difficult to prevent contamination by this 
method. 
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10 to 15 minutes at 120° in an autoclave. The tubes or flasks were inoc- 
ulated as described under “Inoculation technique” and incubated at 


TaBLe III 
Mineral Solution 
solution solution 
Calcium acetate-H,O 2.17 gm. ZnCl, | 1.30 mg. 
K,;HPO, | 0.85 H;BO, 
MgSO,:7H,0 CuSO,-5H,0 | 0.87 * 
KH,PO, 0.43 CoC],-6H,O0 40.0 ¥ 
NH,Cl 49.0 mg. KI 26.5 * 
Ferric citrate 27.5 ‘* | NaF 8.5 * 
MnCl,-2H,O HCI (11.7 n) 3.5 ml. 
TaBLe IV 
Vitamin Solution I* 
meg. 
Thiamine chloride .................... 10.0 


* Stored in an amber, glass-stoppered bottle in the refrigerator. 
t An equivalent quantity of calcium or sodium salt may be used. 


TaBLE V 
Vitamin Solution II* 


Vitamin 100 per cent 
gm. 
Ascorbic acid 0.100 


* Stored in a glass-stoppered bottle in the refrigerator. 


room temperature (about 25°) in a cupboard. Since there was no precise 
temperature control, the position of the racks was shifted twice daily in 
order to maintain approximately the same, although not necessarily con- 
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stant, temperature. The optical density and acid of the cell suspensions 
were measured by the authors’ previously described turbidimetric and 
acidimetric procedures (36, 37). 


TasBie VI 
Titration and Turbidity Data Showing Response of T. Geleii H to Four Amino Acid 
tn Tubes and Flasks at Different Incubation Times 


| | Titration ‘Turbidity 
Amine ecid | Container Hall | Sencltiv- | | 
maximum ity maximum 
response* | indext | response} index} 
u-Histidine......... Upright tubes 12 4.30 5.5 em 
17 | 4.30 | 5.3 i 
24 4.85 5.9 
Slanted tubes 12 4.92 4.1 1.79 | 2 
17 4.77 5.1 1.88 26 
24 3.80 6.4 2.16 41 
Flasks 12 \| 2.10 | 35 
17 
24 H 2.25 | 40 
u-Tryptophan...... Upright tubes 10 3.35 14.5 I 29 
14 3.95 | 20 I 61 
19 4.25 21 | 61 
Slanted tubes 10 4.00 6.7 1.31 49 
14 4.65 11.1 1.70 57 
19 4.38 13.3 1.84 | 5 
Flasks 10 ll 1.81 | 6&2 
14 II 
19 } 2.00 | 4 
L-Isoleucine{....... Upright tubes 9 3.25 1.7 | 0.67 5.8 
13 3.75 2.3 | 0.97 | 10.5 
| 20 4.97 3.7 | 0.86 6.5 
Upright tubes 9 0.63 2.2 
13 II 0.85 5.4 
: 20 | | 1.09 8.9 


M1. of 0.01 x NaOH. 
t Ml. of 0.01 sv NaOH at half maximum response per microgram of amino acid 
xX 10°. 
¢t Optical density at half maximum X 10. 


§ Optical density at half maximum per microgram of amino acid X 10. 
|| Standard curves irregular. 
{ Twice the quantity of pL-isoleucine used. 


EXPERIMENTAL RESULTS 
The response of T. geleii H to tryptophan and histidine in upright and 
slanted tubes and in flasks at incubation times from 10 to 24 days in term! 
of turbidity (optical density) and acidity is shown in Table VI. Simils 
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studies on isoleucine and lysine in upright tubes are given in Table VJ. 
Standard curves showing the turbidimetric response of 7’. geleii H to tryp- 
tophan in flasks, slanted tubes, and upright tubes at 19 days incubation 
time are shown in Fig. 1 and the acidimetric response in Fig. 2. 

It is of interest that alkaline mixtures were formed when the organism 
was grown at low levels of tryptophan in slanted or upright tubes as wel] 
as at all levels of tryptophan in flasks. Cell proliferation was approxi- 
mately the same in slanted tubes and flasks but acid production was 
greater in slanted and upright tubes than in flasks. The reasons for these 
results are not entirely clear, but it may be noted that the air-liquid inter- 
faces were approximately equal in the slanted tubes and flasks and were 
greater in these containers than in the upright tubes. Presumably the 
oxygen tension was less in the solutions of greater than those of lesser 
depth, due possibly to the utilization of oxygen near the surface of the 
liquids by this essentially aerobic organism. 

Standard curves for the four amino acids investigated are shown in 
Figs. 3 to 6. Experiments are in progress on the development of assay 
procedures for the determination of these amino acids. 


SUMMARY 


A basal medium containing extracts of liver and Cerophyl powders, in 
addition to chemically defined components, has been developed on which 
Tetrahymena geleit H grew well and produced a relatively large amount of 
acid. Growth and acid production by this organism have been studied 
in flasks, upright tubes, and slanted tubes over incubation periods up to 
24 days. The inverse relation found between growth and acid produc- 
tion under some conditions may be related to the area of the liquid-air 
interfaces and to the volumes of unexposed liquids. The observation of 
Kidder and Dewey (2) has been confirmed that isoleucine, lysine, histi- 
dine, and tryptophan are essential for the protozoan, and standard curves 
have been obtained for these amino acids. Assay procedures for the 
determination of some of these amino acids are under investigation. 
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STUDIES ON PROTEINS FROM BOVINE COLOSTRUM 


Hl. THE HOMOLOGOUS AND HETEROLOGOUS TRANSFER OF INGESTRD 
PROTEIN TO THE BLOOD STREAM OF THE YOUNG ANIMAL* 


By R. G. HANSENT anp PAUL H. PHILLIPS 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin. 
Madison) 


(Received for publication, February 24, 1949) 


It has been adequately demonstrated that the new-born calf and kid 
acquire antibody proteins from ingested colostrum (1). These immune 
proteins appear in the blood stream of the young animal in a form im- 
munologically indistinguishable from that in the colostrum (1). This 
apparent passage of intact protein through the gastrointestinal tract of the 
calf and kid is characteristic of the first few days of life (1, 2). 

The proteins of colostrum whey of the cow, goat, and pig are similar in 
that the principal fraction is globulin in nature (arbitrarily called ‘‘immune’’ 
globulin) with a low electric mobility (3, 4). The “immune”’ globulins of 
cow colostrum have been reported (4) to migrate in an electric field at a 
faster rate than the corresponding proteins of goat and pig colostrum. 
This difference in mobility has been used to study, by electrophoresis, the 
apparent gastrointestinal absorption of these colostrum proteins by the 
young kid. Further, immunological tests have been employed to study 
the possible transfer of normal milk “immune’’ protein from the gastro- 
intestinal tract to the blood of the new-born calf. The results of both the 
electrophoretic and the immunological studies are reported here. 


Methods 


Colostrum samples were taken from the goat, cow, and pig immediately 
following parturition. Each sample was divided into two portions. One 
portions was fed ad libitum to a newly dropped kid. Electrophoretic 
analyses were performed in duplicate on the second portion of each colos- 
trum whey after dialysis at 0°, first against several changes of saline, then 
finally against two changes of the barbiturate-citrate buffer used previously 
(2). Blood serum samples were taken from the jugular vein of each kid at 
birth and 24 hours after feeding and analyzed electrophoretically. The 
results were computed as in earlier studies (2). 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This investigation was supported in part by a grant from Merck 
and Company, Inc., Rahway, New Jersey. 


t Present address, Department of Biological Chemistry, University of Utah School 
of Medicine, Salt Lake City 1, Utah. 
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Three groups of new-born calves were separated from their dams before 
nursing and treated as follows: One group (control) was fasted 24 hours, 
the second group was fed milk from cows in mid-lactation, while the third 
was fed cow colostrum. The calves were bled from the jugular vein at 
birth, then again at 24 hours, and the serum was separated for the im- 
munological studies. 

Rabbits were immunized to the purified cow colostrum pseudoglobulin 
described previously (5). Serum from the immune rabbits (two to three 
per group) was collected and pooled. The possible presence of specific 
antigen proteins in the sera of the calf was studied by conventional pre- 
cipitin tests. Various dilutions of the sera under test were placed in layers 
above the immune serum and tupbidity was estimated visually after a 2 
hour incubation period. In check determinations, turbidity was also 
estimated in the Beckman spectrophotometer at 660 mu. 


Results 


Colostrum. Feeding—The various colostrum whey electrophoretic patterns 
were observed to be similar to those described by Deutsch (4), and are 
therefore not presented in detail; however, the percentage and mobility 
of the “immune” component of each whey studied is given in Table I. 
The principal component of cow colostrum exhibited decidedly greater 
mobility (—2.7 X 10-5 sq. cm. per volt per second) than either of the corre- 
sponding components from goat and pig colostrum. It was not possible 
to distinguish between the “immune” components of goat and pig colostrum 
electrophoretically. 

The serum of the kid at birth contains very little, if any, protein corre- 
sponding to the adult y-globulin fraction (Fig. 1). This may perhaps be 
inferred from an analogy to results of the studies with the calf (6). Follow- 
ing ingestion of each of the three colostrum milks studied, there was a 
striking increase in the “immune”’ proteins of the goat serum. In the case 
of the animal receiving the cow colostrum, half (49.8 per cent) of the serum 
proteins was acquired from the ingested milk, while in the animals fed goat 
and pig colostrum, this newly acquired protein amounted to 40.2 and 26.7 
per cent, respectively, of the serum proteins. As ad libitum feeding was 
permitted, it is not possible to compare the magnitude of the serum changes 
between the various animals, following the ingestion of colostrum from 
the different sources. 

The electrophoretic mobility of the newly acquired protein in the kid 
serum in all cases was identical to the mobility of the principal whey com- 
ponent of the ingested colostrum (Table I). From an electrophoretic 
standpoint, no alteration in the protein appears to have occurred in the 
change from colostrum to the blood of the kid. The similarity of the colos- 
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trum “immune”’ proteins from the various sources studied is emphasized 
by the striking change in the serum of the new-born goat following their 


| 
Absorption of Colostrum Proteins by New-Born Goat As Measured by Electrophoresis 
The electrophoretic analyses were performed at 1° in a barbiturate-citrate buffer 
st pH 8.6 and ionic strength 0.088. Mobilities are negative in sign and are ex- 


as 8q. cm. per volt per second X 10 and were calculated with reference 
to the salt boundary. 


Principal colostrum com- | % of whey proteins — «50.2 71.0 63.0 
ponent : Mobility |, 2.0 2.7 2.0 
New component in kid % of serum proteins — 40.2 49.8 26.7 
serum | Mobility | 2.2 2.8 2.0 


€ 


Fic. 1. Electrophoresis patterns of new-born goat serum (A) prior to and (B) 24 
hours after the ingestion of goat (1), cow (2), or pig (3) colostrum. The experiments 
were conducted for 120 minutes in a barbiturate-citrate buffer at pH 8.6. 


ingestion ; this similarity is evident in spite of the mobility differences. The 
young animal demonstrates considerable selectivity in this reaction to 
ingested proteins as evidenced by the failure of other colostrum and milk 
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proteins to appear in the blood stream as shown by the electrophoretic 
studies. 

Immunological Studies—KEven before the ingestion of milk, the serum of 
the new-born calf gave decided evidence for the presence of protein jm. 
munologically similar to cow colostrum pseudoglobulin (Table II). This 
finding is unusual inasmuch as numerous workers (1) have clearly shown 
that specific antibodies are not present in calf serum until after colostrum 
feeding. The relation of this protein to the “immune’’ proteins and jts 
position in the serum electrophoretic pattern is therefore of considerable 
interest; however, until isolation of this protein can be accomplished, the 
electrophoretic serum fraction with which it is associated remains a matter 
of speculation. 


Il 
Absorption of Proteins by New-Born Calf As Measured by Immunological Assay 


1:10 serial dilutions of the calf sera were made. 4 indicates a positive turbidity, 
+ indicates a questionable turbidity, and — is used when no turbidity was visually 
evident when the diluted sera were placed in layers above the immune sera. _ 


No. of | Material fed Time asec 
Serum 1 2 3 4 om 
3 Control Birth + + + - 
24 hrs. + + + - ~ 
3 Normal milk Birth + + + 
24 hrs. + + + t t 
1 Colostrum Birth + + + 


Immunological tests indicated that the serum of the young calf acquires 
“immune” protein from the ingestion of normal milk (Table II). The 
suggested (7) similarity of globulins of colostrum and normal milk is thus 
further indicated. The magnitude of this increase is small, however, as 
evidenced by the failure of electrophoretic procedures to detect any change 
in calf serum following the ingestion of normal milk (2). 


SUMMARY 


New proteins appear in the blood stream of young kids following the 
ingestion of goat, cow, and pig colostrum. No change in these proteins, 
measurable by electrophoresis, appears to have occurred during their 
passage from the colostrum to the blood stream of the kid. 

The serum of the new-born calf contains small amounts of proteins 
immunologically similar to colostrum ‘“‘immune’”’ proteins. 

An increase in serum “immune”’ proteins of the young calf resulted from 
the ingestion of normal milk. 
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PREPARATION OF CYSTINE FROM RADIOACTIVE SULFUR* 


By JOHN L. WOOD anv L. VAN MIDDLESWORTH 


(From the Departments of Chemistry and Physiology, School of Biological Sciences, 
University of Tennessee, Memphis) 


(Received for publication, December 16, 1948) 


Small amounts of cystine labeled with S* and of high specific activity 
were needed for our biological studies. Several methods were available 
for the synthesis of cystine (1-5), but each of these would require more 
study. Two methods have been used previously for the preparation of 
radioactive cystine, the methods of Wood and du Vigneaud (2, 6) and of 
Tarver and Melchior (3). Neither of these appeared directly applicable to 
the small scale production at the high level of radioactivity we required, 
or convenient for the recovery of unused labeled sulfur. 

One of us (J. L. W.) had previously prepared benzanthrylcysteine by 
direct condensation of a-amino-8-chloropropionic acid with benzanthryl 
mercaptan in aqueous alkaline solution (7). With an improved prepara- 
tion of benzyl mercaptan available (8) it has been possible to apply the 
analogous reaction to direct synthesis of radioactive benzylcysteine (and 
cystine from serine) and 16 mg. of free sulfur labeled with S®. The reac- 
tions involved are illustrated. The process can be carried to completion 
in a test-tube connected to a gas-washing train (Fig. 1). 

Benzylcysteine is the intermediate of choice, since it is the starting 
material for the resolution of cystine into its enantiomorphs (9, 10) and 
for the preparations of many derivatives. The experimental part de- 
scribes the new features of the method in the necessary detail for their 
duplication. About half of the radioactive sulfur is incorporated into 
benzylcysteine. The rest remains with specific activity undiminished 
in a small volume of solvents for easy recovery as sulfate. 


EXPERIMENTAL 


Particular note should be made of the ease with which peroxides or air 
oxidizes benzyl mercaptan in alkaline solution. All operations with radio- 
active sulfur should be carried out in a well ventilated hood. We have 
observed under a variety of conditions, with non-radioactive materials, 
that S-benzyl derivatives such as benzylcysteine release enough volatile 
products to cause a taste sensation. 

a-Amino-8-chloropropionic Acid—6 gm. of serine methy] ester hydro- 

*This work was supported by grants from the Rockefeller Foundation and the 
American Cancer Society. 
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chloride! (11) were finely powdered and suspended in 50 ml. of dry chloro- 
form in a 125 ml. glass-stoppered Erlenmeyer flask. Four glass beads and 
9.0 gm. of powdered phosphorus pentachloride were added. The mixture 
was cooled in an ice bath, then allowed to warm with vigorous shaking 
until the evolution of hydrochloric acid indicated reaction to be occurring. 
The shaking was continued until all of the serine methy] ester hydrochloride 
had dissolved, the temperature being regulated by occasional immersion 
in the ice bath to keep the rate of reaction under control. 

The solution was filtered into a 250 ml. suction flask. Dry diethy! 
ether was cautiously added to the filtrate until precipitation began. Dry 
petroleum ether was then added slowly until all material had separated. 
The product generally separated in crystalline form. If it did not, the 


CH,CHCOOCH, pcg, _CH:CHCOOH 


OH NH,-HC!) (2) HCI Cl NH,-HCI 
(I) 
C.H,CH,MgCl + S ——— C,H,CH,SMgCl 
(ID 
14 —NaOH_, C.H,CH,SCH,CHCOOH 
NH, 
(IID) 
(1)Na in liquid NH, SCH,CHCOOH 
(2) Air 
NH, 
SCH,CHCOOH 
NH, 


first oil obtained was rubbed with a glass rod with cautious increments of 
petroleum ether until crystallization began. The product was cooled in 
an ice bath for 15 minutes and then filtered. Part of the crystals adhered 
to the flask. These were washed in situ with petroleum ether and this 
was poured over the material on the funnel until no odor of phorphorus 
oxychloride remained. The solid was washed out of the suction flask 
with 20 per cent hydrochloric acid. ‘The material in the funnel was added 
and the solution (60 ml.) was heated for 1 hour at 100°. 

The hydrochloric acid solution was evaporated to dryness tn vacuo. 
About 10 ml. of benzene were added and the mixture was again evaporated 
to dryness. The residue was crystalline. It was dissolved in dry meth- 


1 We are indebted to Merck and Company, Inc., for a generous supply of serine. 
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anol and filtered. The methanol was evaporated to a sirup, and dry 
acetone was added to produce incipient cloudiness. When crystalliza- 
tion began, ethylene chloride was added. The product was cooled in an 
ice bath and then was filtered and washed with acetone. The weight of 
a-amino-§-chloropropionic acid hydrochloride was 2.3 gm. When im- 
mersed in the bath at 165° it melted at 172-174° (corrected) with de- 
composition. 


310/30 310/30 


310/30 
$19/ 


A B 


Fic. 1. Gas-washing train. A and B, safety tubes charged with 1 ml. of 5 N 
sodium hydroxide; C, reaction tube, 20 X 120 mm. The dropper on C contained 
a-amino-8-chloropropionic acid hydrocloride solution. 


This product was sufficiently pure for the synthetic purposes. It was 
stored in a refrigerator over calcium chloride. After some months a sample 
contained methanol-insoluble material. It was satisfactorily purified by 
crystallization from a methanol-acetone-ethylene chloride mixture. 

Benzylcysteine from Radioactive Sulfur—A solution of 16 mg. of sulfur 


* in xylene was prepared by oxidizing radioactive sulfide ion? with iodine in 


potassium iodide as described previously (8). The xylene was concen- 
trated by boiling to about 2 ml. in a 24/40 standard taper test-tube 
(Fig. 1). Benzyl magnesium chloride (5 ml. of 0.5 m solution in benzene 
(12)) was added to the cold solution; it was stoppered and allowed to 


* Radioactive sulfur was obtained from the Oak Ridge National Laboratory under 
allocation from the United States Atomic Energy Commission, in separated form 
as H,SQ,. 
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stand overnight. The suspension was stirred up with 5 ml. of peroxide- 
free petroleum ether and then was centrifuged. The supernatant was 
decanted and the residue was again washed with peroxide-free petroleum 
ether, which was decanted. The tube containing the residue was placed 
on the gas-washing train illustrated in Fig. 1 and a stream of nitrogen was 
passed through. The tube was cooled in an ice bath and 1 ml. of 5 n 
sodium hydroxide was added. Stirring was effected by a stream of nitro- 
gen from the inlet tube which extended into the test-tube. The tem- 
perature was then raised to 50° and 240 mg. of a-amino-f-chloropropionic 
acid hydrochloride in 7 drops of water were added over a period of 5 
minutes. The suspension was maintained at 50° for 45 minutes with 
nitrogen stirring, and then an excess of glacial acetic acid was added. 
The product was overlaid with petroleum ether to retain unchanged 
benzyl mercaptan and then was collected on a sintered glass funnel. The 
crystals on the funnel were washed with a few drops of ice water, with 
95 per cent ethanol, and finally with ether. The dried product weighed 
40 to 46 mg., which was 38 to 44 per cent of the theoretical amount. It 
was sufficiently pure for dilution or for further synthesis without recrys- 
tallization. The melting point was 213-214° with decomposition. 


CwHy:0;NS. Calculated. N 6.63, S 15.2 
(211.1) Found. ** 6.66, ‘‘ 14.7 
** 6.56, “14.9 


Typical preparations have yielded benzyl-pL-cysteine having radioac- 
tivity of 20, 50, and 250 counts per second per microgram of sulfur when 
measured with a thin window (2.1 mg. per sq. cm.) Geiger-Miiller tube. 

All residual solutions were combined with sodium hydroxide in excess. 

A few drops of 30 per cent hydrogen peroxide were added, and the solu- 
tions were evaporated preparatory to fusion of the residue with sodium 
_ peroxide and recovery of the sulfur as barium sulfate according to the 
~ method of Bailey (13). 
_ As a further check on the identity of the product, 21 mg. of the syn- 
thetic S-benzyl-pL-cysteine were acetylated with acetic anhydride in alka- 
line solution. 24 mg. of the acetyl derivative, m.p. 156.5-157.5°, were 
‘ obtained and shown to be identical with an authentic sample of N-acetyl- 
S-benzyl-pL-cysteine (14). 

Radioactive Cystine8—A sample of radioactive S-benzyl-pL-cysteine was 
converted to S-benzyl-L-cysteine by isotopic dilution as described in the 
accompanying paper (9). 248 mg. of S-benzyl-.L-cysteine (0.24 count per 
second per microgram of sulfur) were treated with sodium in dry liquid 


* This preparation was carried out by Dr. H. R. Gutmann. 
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ammonia according to the method of Wood and du Vigneaud (10). The 
product was oxidized with air to yield 109 mg. of radioactive L-cystine 
(0.27 count per second per microgram of sulfur) or 77 per cent of the 
theoretical amount. 


SUMMARY 


A method for the preparation of benzyl-pL-cysteine from 16 mg. of 
radioactive sulfur has been presented. This product may be converted 
to optically inactive cystine, or resolved into benzyl-L- and benzyl-p- 
cysteine. 
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RADIOACTIVE Lt-CYSTINE AND b-METHIONINE. A STUDY OF 
THE RESOLUTION OF RADIOACTIVE RACEMATES BY 
ISOTOPIC DILUTION* 


By JOHN L. WOOD ann HELMUT R. GUTMANN 


(From the Department of Chemistry, School of Biological Sciences, University of 
Tennessee, Memphis) 


(Received for publication, December 16, 1948) 


_ The methods of synthesis necessary to produce a radioactive asym- 
metric Organic compound from an inorganic irradiation product generally 
lead to a racemic mixture. The course of many biological reactions is 
characterized by a stereochemical specificity, however, which makes it 
often desirable to use optical isomers of the labeled compound instead 

of the racemic mixture for experimental work. The resolution of the 
~ racemate for this purpose must be complete. If the resolution has not 
been complete, and the isomer used retains contaminating radioactivity 
in the form of its enantiomorph, the radioactivity found in various in- 
termediates and products may represent more than one metabolic path- 
way. 

For studies involving the sulfur-containing amino acids, radioactive, 
optically pure isomers of cystine and methionine were required. Methods 
were available for the resolution of benzyl-pL-cysteine (1) and benzyl- 
pi-homocysteine (2) which are used in the preparation of the optical 
isomers of cystine and methionine respectively. However, it was recog- 
nized that these methods are controlled by the measurement of optical 
activity which is too gross to detect the presence of a minute amount of 
labeled D isomer in an L fraction. Furthermore, the more sensitive radio- 
activity measurements could not be used to demonstrate the removal of 
D isomer from the L by fractional crystallization, since both isomers would 
have the same specific radioactivity. 

The preparation of labeled optical isomers of cystine and methionine 
by isotopic dilution offered a solution to this complication. When a 
radioactive racemate is diluted by the addition of a large amount of one 
optical isomer, a difference in the specific radioactivities of the enantio- 
morphs is produced. Fractional crystallization to isolate a single, labeled 
enantiomorph can then be followed by radioactivity measurements. For 
example, a radioactive racemate is dissolved and the solution is then 
supersaturated with respect to the L form by the addition of a large amount 


* This work was supported by grants from the American Cancer Society and the 
Rockefeller Foundation. 


535 


| 
| 
| 
| 
| 
| 
= 


536 CYSTINE AND METHIONINE 


of unlabeled Lt isomer. A solid phase can then be crystallized in the form 
of pure L isomer which is labeled with the major portion of the radioac. 
tive L molecules from the racemate. If the L preparation is contaminated 
by a trace of radioactive p molecules, the specific radioactivity of the ma- 
terial will decrease with successive recrystallizations as the L isomer is 
purified. The specific radioactivity will reach a constant value when all 
the radioactive p molecules have been removed. The experimental pro- 
cedure is illustrated by the following examples which lead to radioactive 
L-cystine and radioactive p-methionine. 

Solubility determinations, carried out with benzyl-L-cysteine and benzyl- 
pL-cysteine, showed the concentration in a saturated aqueous solution of 
pH 6 to 7 at ice bath temperature to be approximately 6 and 2 mg. per 
ml., respectively. Labeled benzyl-pL-cysteine was prepared from radio- 
active sulfur (3) with a specific activity which was 100 times greater than 
required for experimental purposes. The product was diluted 66-fold 
with non-radioactive benzyl-L-cysteine. The mixture was recrystallized 
from enough solution to retain the benzyl-pL-cysteine in the mother li- 
quors. Due to the exchange of L molecules which occurred when the benzyl- 
pL- and benzyl-L-cysteines were dissolved together, the crystals of ben- 
zyl-L-cysteine, which were obtained, contained the major portion of the 
radioactive L molecules from the racemate. In order to improve the 
completeness of the separation, the product was recrystallized until the 
specific radioactivity no longer changed from fraction to fraction. To 
conform to the criteria of purity discussed below, the recrystallized ben- 
zyl-L-cysteine was converted either to N-acetyl-S-benzyl-L-cysteine or to 
L-cystine. These derivatives had the same specific radioactivity as the 
materials from which they were made. 

Benzyl-pit-homocysteine was prepared from radioactive sulfur on a 
micro scale (1 mm) by adapting the procedure of Snyder and Chiddix (4). 
By omitting the isolation of intermediates, the procedure for the radio- 
active preparations is simplified with no sacrifice in yield. The radio 
active DL mixture was diluted with 10 times its weight of non-radioactive 
benzyl-p-homocysteine. Recrystallization of the mixture from enough 
water to retain all of the pt form yielded pure, labeled benzyl-p-homocys- 
teine. A sample was converted to the N-acetyl derivative without alter- 
ing the specific radioactivity of the sulfur. Pure, labeled p-methionine 
was likewise available from the benzyl-p-homocysteine (2). 


EXPERIMENTAL 


The solubilities of racemic mixtures and isomers were determined on 
saturated solutions. The compounds were dissolved in dilute hydro- 
chloric acid and precipitated by adjusting the solution to pH 6 to 7 by 
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addition of dilute sodium hydroxide. After cooling at ice bath tempera- 
ture, the mother liquors were analyzed for nitrogen by the micro-Kjeldahl 
procedure. 

For radioactivity determinations the compounds were combusted by 
the micro-Carius or perchloric acid procedure and precipitated as ben- 
sidine sulfate by the methods previously described (5). All measure- 
ments were corrected for radioactive decay and for self-absorption by the 
sample. 

Benzyl-u-Cysteine and L-Cystine—A mixture of 15 mg. of radioactive 
benzyl-pL-cysteine and 488 mg. of unlabeled benzyl-L-cysteine was crystal- 
lized by dissolving in hot dilute hydrochloric acid followed by neutraliza- 


Preparation of Radioactive from Radioactive Benz DL- cysteine 


Welaht | | | Specite | Estimated 


Compound recrystallized “of sa Volume Recovery radioactivity loss of 
| of sulfur isomer 
mg. mil. meg. | od | per cent 
Benzyl-i-cysteine 1 503° 7.5 | Of | 100 
2 361 | 10.4 (100 
L-Cystine 248t 109 
2 109 92 0.27 


° * This sample consisted of 7. 51 mg. each of labeled bensy!- L- eysteine end  beasy- 
p-cysteine in pL mixture diluted with 488 mg. of unlabeled benzyl-.L-cysteine. The 
dilution factor for the L isomer was 66.1. The specific radioactivity before dilution 
was 20.9 counts per second per microgram of 8. 

t This is expressed as benzylcysteine equivalent to 141 mg. of L-cystine. 


tion with sodium bicarbonate solution (Table 1). The crystals were col- 
lected, washed with ice water, ethanol, and ether, and dried 
over phosphorus pentoxide. Since the radioactivity was not changed by 
recrystallization, the product was converted to L-cystine by treatment 
with sodium in liquid ammonia followed by air oxidation (1). 248 mg. 
of benzyl-t-cysteine yielded 109 mg. of L-cystine which, after recrystal- 
lization, had an optical rotation which agrees with that reported in the 
literature, [a]?? = —223° (6). The chemical reaction did not alter the 
specific radioactivity of the sulfur. 

In another experiment a mixture of 34 mg. of crude radioactive benzyl- 
DL-cysteine and 500 mg. of inactive benzyl-L-cysteine was dissolved in 
0.1 nN hydrochloric acid, and 0.1 N sodium hydroxide was added until 
the pH was adjusted between 6 and 7. The solution was cooled over- 
night in an ice bath. The crystals were collected, washed with 1 ml. 
of cold water and with ethanol, and dried over phosphorus pentoxide tn 
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vacuo at 75° forl hour. The yield of material was451 mg. Table II shows 
the progress of purification with recrystallization. As soon as sufficient 
material had been lost for complete retention of the p isomer by the mother 
liquors (Fraction 3) the acety! derivative was prepared. However, radio- 
activity determinations disclosed that the fractionation of the radioactive 
cysteines had not been completed at this point. Thus the specific activity 
of the acetyl derivative was less than that of the third fraction. Two 
recrystallizations of the acetyl derivative from dilute alcohol did not 
change its specific radioactivity. The benzyl-L-cysteine was therefore 


TABLE II 


Preparation of Radioactive Benzyl-.-cysteine and N-Acetyl-S-benzyl-1.-cysteine from 
Radioactive Benzyl-p.-cysteine 


Compound recrystallized of sample Volume Recovery radioactivity 
me. mi. mg. per cent 
Benzyl-.-cysteine l 534* 11 451 3.33 43 
2 447 7 402 2.90 O4 
3 400 6 346 2.60 78 
4 &3 3 52 
5 49 4 28 2.08 102 
N-Acetyl-S-benzyl-t- l 250 246 2.17 
cysteine 2 240 220 2.08 
3 2.18 


* This sample consisted of 17 mg. each of labeled benzyl-L-cysteine and benzyl-p- 
cysteine in DL mixture diluted with 500 mg. of non-radioactive benzyl]-.L-cysteine, 
a dilution factor of 30.4 for the L isomer. The specific radioactivity before dilution 
was 140 counts per second per microgram of 8S. The theoretical weight loss required 
for resolution of isomers was estimated from the solubility determinations to be 
136 mg. 


twice more recrystallized, the specific activity was found to be the same 
as that of the acetyl derivative, and the resolution was considered com- 
plete. Furthermore, the product of the dilution factor, 30.4, times the 
final specific activity, 2.13 counts per second per microgram of sulfur, 
was much less than the specific activity of the original material. This 
indicated that the resolution had removed a small amount of a sulfur 
compound of high specific radioactivity which had contaminated the 
original DL sample. 

In an earlier experiment, 17 mg. of labeled benzyl-pt-cysteine diluted 
with 200 mg. of non-radioactive benzyl-L-cysteine were dissolved in hydro- 
chloric acid and crystallized by adding ammonium hydroxide. A deter- 
mination of the optical rotation indicated that the compound was optically 
pure; however, the specific radioactivity of the sample was reduced by 


| 
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recrystallization of the compound in the form of the hydrochloride. It 
remained the same after the third recrystallization. The yield was only 
63 mg. of benzyl-L-cysteine plus 25 mg. which had been expended in radio- 
activity determinations on the various fractions. The compound was 
converted to N-acetyl-S-benzyl-L-cysteine which had the same specific 
radioactivity as the starting material. 

70 mg. of mixed isomers of benzyleysteine were recovered from the 
original mother liquors. This material was racemized and converted to 
N-acetyl-S-benzyl-pt-cysteine by the method of Wood and du Vigneaud 


TaBce III 
Preparation of Radivactive Benzyl-p-homocysteine and N-Acetyl-S-benzyl-v- 
homocysteine from Radivactive Benzyl-vL-homocysteine 


ee Weigh Speci Estima 
Compound recrystallized | Prection | of sample | Volume | Recovery radivactivity 
| u of sulfur L isomer 
Benzyl-p-homocys- l 110* 10 91 1.84 32 
teine 2 83 10 81 1.43 70 
3 40 10 25 1.10 100 
N-Acetyl-S-benzyl-p- l 30t 30 1.14 
homocysteine 2 24 10t 4 1.05 


*This sample consisted of 4.94 mg. each of radioactive benzyl-L-homocysteine 
and benzyl-p-homocysteine in pL mixture diluted with 100 mg. of unlabeled benzyl- 
p-homocysteine, a dilution factor of 21.04. The specific radioactivity before dilution 
was 22.1 counts per second per microgram of 8S. The solubility of benzyl-p- 
homocysteine was estimated at 0.5 mg. per ml. and that of benzyl-pL-homocysteine 
at 1 mg. per ml. 

t 30 mg. of benzy!-p-homocysteine. 

$10 ml. of a 50 per cent ethanol and water mixture. 


(1). The specific activity of this bL preparation was 3.2 times that of 
the L obtained in the resolution. 

Preparation of Radioactive Benzyl-pu-homocysteine—Benzyl mercaptan 
was prepared from radioactive sulfur (1 mM) as previously described (7). 
The solution was dried with sodium sulfate and the solvent was distilled. 
To the residue of radioactive benzyl mercaptan was added 0.07 ml. of 
unlabeled benzyl mercaptan in 5 ml. of 0.48 m sodium ethoxide, making a 
total of 1.1 mm of benzyl mercaptide. To this solution was added a 
suspension of 240 mg. of pure 3,6-bis(8-chloroethyl)-2 ,5-diketopipera- 
tine’ in 5 ml. of absolute ethanol. The suspension was heated under a 
teflux for 1 hour. ‘The solvent was distilled and 10 ml. of 9 m hydrochloric 


1 We are indebted to Dr. E. E. Howe of Merck and Company, Inc., for a generous 
amount of 3,6-bis(8-chloroethy])-2,5-diketopiperazine. 
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acid were added to the nearly dry residue. The suspension was heated 
under a reflux at 110-120° for 7 hours. The solution was then allowed to 
cool to room temperature, filtered with charcoal, and concentrated nearly 
todrynessin vacuo. 5 ml. of distilled water were added and the solution was 
again concentrated in vacuo. The residue was taken up in 10 ml. of dis- 
tilled water and neutralized with concentrated ammonium hydroxide. 
The precipitate was collected, washed successively with distilled water, cold 
absolute ethanol, and cold ether. The benzyl-pL-homocysteine weighed 
55.3 mg., which represented a yield of 25 per cent of the theoretical 
amount, and melted at 240-243° with preliminary darkening. On a trial 
run the product was acetylated according to the procedure of du Vigneaud 
and Irish (8). N-Acetyl-S-benzyl-pt-homocysteine has a melting point 
of 115°. | 
Radioactive Benzyl-p-homocysteine—To 9.87 mg. of radioactive benzyl- 
pL-homocysteine were added 100 mg. of unlabeled benzyl-p-homocys- 
teine.2, The mixture was dissolved in 5 ml. of n hydrochloric acid and 
reprecipitated by the addition of 5 ml. of n sodium hydroxide. The pH 
was adjusted to 7 with a few drops of 0.1 nN hydrochloric acid and the mix- 
ture was placed in an ice bath for several hours. The precipitate was 
collected and washed with cold absolute ethanol and cold ether. After 
it had been dried over phosphorus pentoxide in vacuo, the precipitate 
weighed 91 mg. Table III shows the results of radioactivity determina- 
tions on this and subsequent recrystallizations. The acetyl derivative 
was prepared with no alteration of the specific radioactivity of the sulfur. 


DISCUSSION 


The method appears to be generally applicable to the resolution of 
radioactive a-amino acids or other radioactive racemic compounds.’ Both 
isomers should be obtainable from the same radioactive racemate. After 
the first crystalline isomer, for example the L, has been separated, the 
mother liquor contains the labeled p isomer with its original specific radio- 
activity and L isomer of a specific radioactivity which is equal to that of 
the isolated solid material. A labeled p preparation may be crystallized 
from the mother liquor after the solution has been supersaturated with 
unlabeled p isomer. In order to follow its purification by radioactivity 
measurements, it is apparent that a dilution factor must be selected which 
is significantly greater than the one which was used in the isolation of the 


* Benzyl-p-homocysteine was kindly supplied by Dr. Vincent du Vigneaud. 

* At least one other instance has been reported by Weinhouse and Millington (9) 
who diluted radioactive pi-tyrosine with unlabeled t-tyrosine and recrystallized 
the product. However, no evidence was offered to establish the degree of complete- 
ness of the resolution. 
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t isomer. The presence of contaminating radioactive L molecules in the 
p preparation may then be detected on the basis of the differences in their 
respective specific radioactivities. It should be noted that saturating the 
solution of the racemate with both enantiomorphs in turn, during the 
resolution, will increase the total amount of racemate present. In order 
to prevent separation of pL crystals the second isomer should be crystal- 
lized from an appropriately increased volume of solution. 

As an alternative to the separation of the second isomer, the mixture 
of p and L isomers remaining in the mother liquor may be racemized. A 
second isotopic dilution with more unlabeled enantiomorph may be car- 
ried out. This will permit the crystallization of additional labeled isomer 
of somewhat lower specific radioactivity. 

In applying the method a solvent should be so chosen as to prevent, as 
far as possible, interaction between the various molecular species in the 
solution or solid phase. It may be necessary, as shown in the experimen- 
tal part, to recrystallize more than once in order to attain constant specific 
radioactivity in succeeding fractions. However, this is not always suf- 
ficient to prove completeness of the resolution of labeled molecules. It 
is becoming increasingly apparent that recrystallization does not always 
eliminate very minute amounts of radioactive impurities (10, 11). If the 
compound in question, however, can be converted to a derivative without 
change in the specific radioactivity, as illustrated in the experimental 
part, the concept of purity established by recrystallization to constant 
radioactivity will be greatly extended. 

An additional check on the completeness of the resolution of isomers 
may be obtained by comparing the specific radioactivity of the final prod- 
uct with that of the unresolved material. The final specific activity 
multiplied by the weight dilution factor can never be greater than the 
original activity. If it is less, the original pL substance was likely con- 
taminated with other radioactive compounds. In such instances the pro- 
cedure presented here accomplishes both the resolution of radioactive 
molecules and the elimination of radioactive impurities. The radioac- 
tive racemate should be synthesized with a high specific activity. This 
will permit the use of large dilution factors in the resolution and thus keep 
the loss of radioactive molecules in the mother liquors at a minimum. 


SUMMARY 


A procedure for the resolution of radioactive racemates based on isotope 
dilution has been applied to the preparation of radioactive L-cystine and 
radioactive p-methionine. 

Radioactive benzyl-pi-cysteine diluted with unlabeled benzyl-t-cysteine 
was resolved to radioactive benzyl-L-cysteine by fractional recrystalliza- 
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tions. The progress of the resolution was followed by measurements of 
the specific radioactivity in successive fractions. Crystallization to con- 
stant specific radioactivity and conversion of the last fraction to optically 
pure, radioactive L-cystine or radioactive N-acetyl-S-benzyl]-L-cysteine 
with no change in the specific radioactivity indicated that the resolution 
was complete. 

The resolution of radioactive benzyl-pL-homocysteine, an intermediate 
in the synthesis of methionine, to radioactive benzyl-p-homocysteine was 
accomplished by the same method. Conversion of the last fraction to 
the acetyl derivative and recrystallization of the derivative without change 
in the specific radioactivity indicated that complete resolution to benzyl- 
p-homocysteine had been achieved. 

The synthesis of radioactive benzyl-p_t-homocysteine on a micro scale 
has been reported. 

Conditions for the resolution of other radioactive asymmetric com- 
pounds by the isotope dilution method have been outlined, and the cri- 
teria which were employed in ascertaining the extent of the resolution have 
been discussed. 
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STUDIES ON CHOLINESTERASE 
VI. KINETICS OF THE INHIBITION OF ACETYLCHOLINE ESTERASE* 


By KLAS-BERTIL AUGUSTINSSONT anp DAVID NACHMANSOHN 


(From the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, December 20, 1948) 


Enzyme inhibitors have long been used in the analysis of cellular func- 
tion for separating different steps in complex chemical reactions and for 
studying the effect of blocking these reactions in the intact cell. Inhibi- 
tors of choline ester-splitting enzymes, especially the alkaloids prostig- 
mine and eserine, have attracted the interest of investigators in view of 
the physiological rédle of acetylcholine. In contrast to the inhibitors pre- 
viously known, some powerful agents recently developed inactivate the 
enzymes irreversibly. This property has made it possible to approach 
many new problems for which the compounds previously available were 
not appropriate. Particularly, the diisopropyl fluorophosphate (DFP), in 
the presence of which the irreversible enzyme inactivation is a relatively 
slow process, has been an excellent tool for testing the essentiality of 
acetylcholine-hydrolyzing enzymes in nerve conduction (1-3). 

In addition, the new compounds offer an opportunity for studying 
whether the signs of toxicity must be attributed exclusively to interaction 
with the enzymes. As such an interaction depends on many factors, 
in vitro and still more in vivo, it is imperative to study the kinetics of the 
inhibition of specific esterases, the inactivation of which appears to be 
primarily responsible for the toxic symptoms (4, 5). The properties of 
the esterases of conductive tissue and erythrocytes are distinctly different 
from other choline ester-splitting enzymes (6, 7). The term acetyl- 
choline esterase (ACh-esterase) has been proposed (8) for this type of 
esterases. 

In recent studies on the kinetics of the inhibition of ACh-esterase some 
differences between DFP and the alkaloids have been described (9, 10). 
As before, the ACh-esterase used was exclusively the highly purified 
preparation obtained from the electric tissue of Electrophorus electricus. 


*The work has been carried out under a grant from the United States Public 
Health Service. 


t Fellow of the American-Scandinavian Foundation, with additional grants from 
the Swedish National Medical Research Council and the United States Public Health 
Service. Present address, Biochemical Institute, University of Stockholm. 
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Methods 


The enzyme preparation, obtained as previously described (11), had an 
activity equivalent to 20 gm. of acetylcholine chloride split per hour per 
ml. of solution. The protein content was 1 mg. per ml. The inhibitors 
used, prostigmine bromide, eserine sulfate, DFP, and tetraethy] pyro. 
phosphate (TEPP), were freshly prepared for each experiment. They 
were dissolved in the same buffer solution, containing gelatin, as the en- 
zyme. In the experiments in which the inhibitor effects were tested with 
various substrate concentrations, the final molar concentrations of acetyl- 
choline were 1.1 X 10-', 3.3 X 107%, 1.1 10°°,3.3 X 107%, 1.1 X 10% 
3.3 X 10-*. In most of the other experiments, the acetylcholine concen- 
tration was 3.3 X 107? m, which is close to the optimum. The incuba- 
tion of the enzyme with TEPP at 10°, the subsequent dilution, and the 
manometric determinations of the enzyme activity with the Warburg 
method were carried out as described in a preceding study (10). The 
same procedure was also used in the experiments in which the protective 
action of prostigmine and eserine against DFP and TEPP was tested. 
The course of the enzymatic hydrolysis of acetylcholine in the presence of 
inhibitors and in various substrate concentrations was determined mano- 
metrically at 23-24° in the modification described (7). 


Results 


In Paper V (10) only the enzyme inhibition by DFP was analyzed and 
compared with the kinetics of the inhibition by the alkaloids prostigmine 
and eserine. The present experiments include tetraethyl pyrophosphate, 
found by DuBois and Mangun (12) to be a very potent inhibitor of choline 
ester-splitting enzymes. 

Irreversibility of TEPP Effect—The action of this compound on ACh- 
esterase is almost immediately irreversible (Table I). This has been 
tested with the dilution method described for the DFP action. The con- 
centrated enzyme solution was incubated with TEPP at 10° for varying 
periods of time, diluted 5000 times, and tested for enzymatic activity. 
This dilution brought the concentration of TEPP into a completely in- 
effective range. When the enzyme is incubated with DFP under similar 
conditions, the activity may at first be completely restored, but gradu- 
ally the reactivation becomes less complete. At 10° it may take 2 to3 
hours until the process becomes completely irreversible. In contrast, the 
TEPP effect appears to be complete almost immediately. After only 2 
minutes incubation at low temperature, no reactivation was obtained by 
dilution, and after 120 minutes incubation the effect for the various con- 
centrations used was about the same as after 2 minutes. The concentra- 
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tion of TEPP required for a 50 per cent inhibition is much lower than in 
the case of DFP, the inhibitory effect thus being apparently not only 
faster but also stronger. 

Inhibition by TEPP As Function of Enzyme Concentration—Although 
the action of TEPP is much stronger than that of DFP, a considerable 
excess Of inhibitor over enzyme concentration is necessary for producing 
50 per cent inhibition. In the most concentrated solution, the enzyme 
concentration during incubation (Table II) is about 4 « 10-* M, esti- 


TaBie 
Irreversible Inactivation of ACh-esterase by TEPP 
The enzyme was incubated with TEPP for varying periods of time at 10°. Sub- 


sequently, the solution was diluted and the enzyme activity determined. ba = 
ensymatic hydrolysis expressed in ul. of CO; evolved per 30 minutes. 


TEPP concentration Incubation period bre Per cent inhibition 

u X 108 min. 

Control 195 
0.69 60 148 24 
1.38 15 98 50 
1.38 30 115 41 
1.38 60 92 53 
2.76 60 67 66 

Control 199 
0.69 60 146 27 
0.69 120 155 22 
1.38 2 108 46 
1.38 4 107 46 
1.38 8 107 46 
1.38 60 106 47 
1.38 120 100 50 
2.76 60 39 80 
2.76 120 14 93 


mated on the assumption of a molecular weight of about 3 million. This 
figure is calculated on the basis of the sedimentation rate in the analytical 
min in which only one component was present (11). In this concentra- 
tion, TEPP in 1.4 X 10-* m concentration produces 50 per cent inhibi- 
tion after 2 minutes incubation. The inhibitor is thus about 35 times in 
excess of the enzyme. With increasing dilution of the enzyme, the excess 
d inhibitor required for obtaining 50 per cent inhibition increases. In 
the greatest dilution tested, the excess is close to 3000 times. In the 
tase of DFP, the excess in the highest concentration used was about the 
fame as with TEPP. In the greatest dilution, however, the excess was 
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more than 100,000 times. Much longer incubation periods were used ip 
the case of DFP, and the results are therefore not comparable. 

Course of Inhibitor Reactions—The course of the enzymatic hydrolysis 
of acetylcholine in the presence of the two types of inhibitors (reversible — 
and irreversible) has been studied for various inhibitor concentrations — 


Tasie Il 
Inhibition of ACh-esterase by TEPP As Function of Varying Enzyme Concentrations 


The enzyme in varying dilutions was incubated for a period of 5 minutes at 10° 
with different inhibitor concentrations. Subsequently, the enzyme was diluted to 
a concentration 1:5000 of the original solution and the activity determined. The 
experiments with the lowest dilution, 1:5000, were incubated directly in the Warburg 
vessel. by» as in Table I. 


: Experiment 1 Experiment 2 
Enzyme concentration | Inhibitor concentration | 
| _| 
| | | 
Undiluted Control 195 | 199 | 
6.9 X 1077 “us | | 46 27 
13.8 1077 92 
27.6 X 10-7 67 66 | 
10 X dilution Control 186 
1077 102 6; & 
1077 44 | @ 78 
6.9 x 1077 0 100 | 
100x Control 186 183 
2.15 & 10-8 | 133 | 2 
& | 102 44 
| 17.2 x 107° 17 91 18 90 
1000 x Control 207 
| 4.3% 10-° 75 68 
10-8 23 | (89 , 
x “* | Control 200 207 
0.7 x 154 23 
2.3 x 10 103 50 
4.6 X 10-* | 63 70 


i 


(Figs. 1 to 4). In one series of experiments, the enzyme was incubated 
with the inhibitor prior to the addition of acetylcholine (A); in a second 
series, inhibitor and substrate came into contact with the enzyme simul- 
taneously (B). The optimum acetylcholine concentration was used 
(3.3 m). 

Prostigmine—When the enzyme is incubated with various concentr- 
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tions of prostigmine for 70 minutes before the addition of acetylcholine, 
it is 10 to 25 minutes until equilibrium is reached, the time depending 
upon the inhibitor concentration used (Fig. 1, A). During this period, 
the inhibition is stronger. Without incubation, the period of time re- 
quired for reaching the equilibrium is about the same, but during this 
period the inhibition is less strong than in equilibrium. In one case, the 
inhibitor reacts with the enzyme before the substrate is present; in the 
other case substrate and inhibitor compete for the enzyme. It is there- 


iSO 


T T T T 


0 20 40 6 0 20 40 460 
TIME (min.) ——> 


Fic. 1. The course of hydrolysis of acetylcholine in the presence of various con- 
centrations of prostigmine. A, enzyme incubated 70 minutes with the inhibitor 
before the addition of acetylcholine (final concentration 3.3 X 10-3 mu). B, inhibitor 
and acetylcholine simultaneously mixed with the enzyme. The dotted line refers 
tonon-enzymatic hydrolysis. Curve 1 is the control, Curves 2 to 6, the hydrolysis 
in the presence of prostigmine in 6.25, 12.5, 25, 50, and 100 X 10-7? m concentration 
(during incubation 5 times higher). 


fore not surprising that the initial reaction velocities in the two types of 
experiments are different. However, after equilibrium the reaction ve- 
lcities are the same for the same concentration of prostigmine. This 
is consistent with previous observations that prostigmine inactivates 
ACh-esterase completely reversibly. 

The decrease of the reaction velocity at the end of the control experi- 
ment is due to the low concentration to which the acetylcholine has been 
reduced by the hydrolysis. The total amount of CO, which can be 
evolved from the acetylcholine solution used is 148 ul. 

Eserine behaves similarly to prostigmine. The period of time until 
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the equilibrium is reached depends upon the concentration of the in. 
hibitor. In equilibrium, the inhibition is the same in the experiments 
with and without incubation (Fig. 2). As shown by other authors, the 
reaction between eserine and ACh-esterase is completely reversible. 


In cases in which the reactions were followed for a longer time (2 hours | 


and more), the inhibition was slower. This may be due to inactivation 
of eserine, observed by Ellis and coworkers (13) in experiments with 
serum cholinesterase. 


A B 
4 
/ 
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Fic. 2. The course of hydrolysis of acetylcholine in the presence of various con- 
centrations of eserine. A, enzyme incubated 60 minutes with the inhibitor before 
the addition of acetylcholine (final concentration 3.3 X 10-* mu). B, inhibitor and 
acetylcholine simultaneously mixed with the enzyme. Curve 1 is the control, 
Curves 2 to 6, the hydrolysis in the presence of eserine in 6, 12, 24, 48, and 96 X 10° 
concentration (during incubation 5 times higher). 


DF P—As pointed out, the fundamental difference between the inhibi 
tion of ACh-esterase by DFP and that by prostigmine and eserine is the 
reversible nature of the latter inhibition. When the enzyme was incu- 
bated with DFP for 60 minutes at 1.25 X 10-* a, it lost 50 per cent of its 
activity (Fig. 3). When the enzyme was mixed simultaneously with 
acetylcholine and DFP, without incubation, much higher inhibitor con- 
centrations were necessary for obtaining 50 per cent inhibition. At 4 
concentration of 10-* m DFP, no inhibition at all was observed during the 
first 40 minutes. After that period, the activity decreased slowly. With 
10-* m DFP, the inhibition started earlier but no real equilibrium wa 
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reached. Only when the DFP concentration was as high as 10 m was 
the inhibition nearly complete. 

The results suggest that the acetylcholine protects the enzyme against 
DFP. However, the acetylcholine concentration (3.3 XX 107° m) is 30 
times as high as the inhibitor concentration in the first experiment 
(10° m DFP), and 3 times as high in the second experiment. On the other 
hand, in the experiment in which the inhibition of the hydrolysis was 


150 


o 20 £40 0 20 40 60 80 100 
TIME (min.) 


Fic. 3. The course of hydrolysis of acetylcholine in the presence of various con- 
centrations of DFP. A and B, as in Fig. 2, but acetylcholine concentration in 
B=1X10-*m. Curves 1! and7 are the controls, Curves 2 to 6, the hydrolysis in the 
presence of DFP in 1.25, 2.5, 5.0, 8.75, and 10 X 10-7 m concentration, Curves 8 to 10 
in 1.5, 10, and 100 m concentration. 


early complete, the concentration of DFP was 3 times as high as that of 
wetylcholine. 

A much stronger protective action may be obtained with prostigmine. 
This compound may protect the enzyme against DFP if present in the 
same concentration (Table III‘). The enzyme was incubated with pro- 
stigmine for 20 minutes at 10° prior to the addition of DFP. The ac- 
lvity of the enzyme after 150 minutes incubation with DFP may be 
restored partly or nearly completely by dilution (5000 times). Without 
por incubation with prostigmine, 50 per cent of the enzyme was irre- 


‘These experiments were carried out in collaboration with Dr. M. A. Rothenberg. 
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versibly inactivated. With prostigmine at half the concentration of 
DFP, the protection was half as strong. At room temperature the pro- 
tective effect of prostigmine seems less complete. Incubation with 


Taste III 
Protective Effect of Prostigmine against Action of DFP on ACh-esterase 


The enzyme solution was incubated for 150 minutes with DFP (final concentra. 
tion 1.6 X 10-* m), then diluted about 5000 times, and the activity was measured, | 
Prostigmine (or eserine) was added to the solution 20 minutes prior to DFP. The 
compounds were added always in 0.1 ml. to 0.1 ml. of enzyme solution; the total 
volume was in all cases 0.3 ml. The final concentration of prostigmine (or eserine) 
was the same as that of DFP (1.6 X 10~* m) except in one case, 3.2 K 10~* mw (2 x) 
and in two cases 0.8 X 10-*m (} X). bs = enzymatic hydrolysis expressed in gl. of 
CO; per 30 minutes. Experiments 1 to 3, at 10°; Experiment 4, at 23°. 


Compound | bre Per cent inhibition 
Prostigmine + DFP........................ | 131 0 

(4 X) Prostigmine + DFP.................. | 78 , 32.0 
{2 X) Prostigmine + DFP................ 218 8.5 
Prostigmine + DFP ...... 224 | 6.0 
(4 X) Prostigmine + DFP.......... 178 25.0 
Prostigmine + DFP............ wk | 131 37.5 

Eserine + DFP... 77 63.5 


eserine protects the enzyme much less against subsequently added DFP 
than does incubation with prostigmine. This finding is in agreement 
with the observations of Koelle (14) that eserine has a protecting effect 
against the action of DFP in brain homogenates. 

TEPP inhibits the enzyme activity in a manner similar to DFP, but 
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much more strongly. On incubation for 60 minutes with 8 K 10°% m 
TEPP, the inhibition is 50 per cent (Fig. 4, A). In experiments with- 
out incubation, the acetylcholine seems to protect the enzyme against the 
action of TEPP and no equilibrium is reached between inhibitor, substrate, 
and enzyme. A weak effect is obtained with a concentration of 3.5 X 
10-7? m, which is 125 times higher than that producing 50 per cent inhibi- 
tion after incubation. ‘The inhibitory effect progresses with time. 


20 £40 
TIME (min.) 


Fic. 4. The course of hydrolysis of acetylcholine in the presence of various con- 
centrations of TEPP. A and B, asin Fig. 2. Curve 1 is the control, Curves 2 to 11, 
the hydrolysis in the presence of TEPP in 0.7, 1.4, 2.8, 5.6, 11.2, 87.5, 175, 350, 700, 
and 1400 X 10-* m concentration. 


The enzyme was also incubated with prostigmine or eserine prior to the 
addition of TEPP and the activity then tested to subsequent dilution. 
No protective action was observed if the two types of inhibitors were 
added in the same concentration. 

Inhibition As Function of Inhibitor Concentration—The inhibition as a 
function of inhibitor concentration may be analyzed by plotting v/v’ 
against the concentration of the inhibitor, v being the reaction velocity in 
the absence of the inhibitor J, v’ in its presence. In the case of competi- 
tive inhibition and constant concentrations of enzyme and substrate, a 
straight line is thereby obtained, according to Equation 1. 
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[.S] and [/] are the concentrations of substrate and inhibitor respectively. 
Ks and K;, represent the dissociation constants of the complexes between 
enzyme and substrate and enzyme and inhibitor respectively. The inter. 
cept of the straight line on the ordinate (v/v’) is 1. From the slope of 
the line (t.e., Ks/K,({S] + Ks) and known values of [S] and Ks, K; can 
be calculated. This method has been applied by Augustinsson (15) with 
satisfactory results for the analysis of the action of choline on various 
esterase systems and has therefore been used in the present studies. 
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Fic. 5. Inhibition of ACh-esterase by prostigmine as function of inhibitor con- 
centration. v = velocity in absence, v’ in the presence of inhibitor, expressed in 
pl. of CO; evolved in 30 minutes (bx). Acetylcholine concentration, 3.3 10° 
inhibitor concentration, relative inhibitor concentration (Rel.[/]),1 = 6.25 & 10-'™. 
@, without incubation; O, with incubation; *, values obtained for the above 
concentration in the experiments with varying substrate concentrations (Fig. 9). 
= 16 X 10°’. 


Prostigmine and Eserine—Applying this method of analysis for the ac- 
tion of prostigmine and eserine on ACh-esterase results in straight lines 
(Figs. 5 and 6). The data are the same in experiments with and without 
incubation. This indicates that the two alkaloids inhibit the esterase 
activity competitively; 1.e., that they react reversibly with the same 
active center of the enzyme as does acetylcholine. 

The affinity of the enzyme is 2.6 times higher for eserine than for pro- 
stigmine. The dissociation constants for the enzyme inhibitor complexes 
are 1.6 X 10-7 and 6.1 X 10-® respectively, calculated according t 
Equation 1. 
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Fic. 6. Inhibition of ACh-esterase by eserine as function of inhibitor concentra- 
tion. Description as in Fig. 5. Relative inhibitor concentration (Rel. [/]), 1 = 
10-' mw. K,; = 6.1 X 10°. 
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Fic. 7. Inhibition of ACh-esterase by DFP and TEPP respectively as a function 
d inhibitor concentration. Description as in Fig. 5. Relative inhibitor concentra- 
tion (Rel. (Z]), 1 = 2.5 X 10-7 m DFP and 2.8 X 10-* m TEPP respectively. 
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DFP and TEPP—Both DFP and TEPP behave differently from the 
alkaloids. By plotting the degree of inhibition expressed by v/v’ against 
the inhibitor concentration, straight lines are not obtained (Fig. 7). 
With increasing DFP and TEPP concentrations, the inhibition increases 
more rapidly than is expected in a competitive inhibition. The curves 
in Fig. 7 are based on the data obtained when the enzyme had been in- 
cubated for 1 hour with the inhibitors. 


100 
TEPP 
< 
= Physostigmine 
10 9 8 4 


pl! 


Fig. 8. Per cent inhibition of ACh-esterase by prostigmine, eserine, DFP, and 
TEPP, respectively, as function of the negative log of the molar concentration of the 
inhibitors (p/). The dotted line refers to the effects obtained with prostigmine and 
eserine when measured immediately after addition of acetylcholine before equilib- 
rium is reached. 


A picture of the relative strength of the four inhibitors studied is ob- 
tained if the per cent inhibition is plotted against p/, the negative log of 
the molar concentration of inhibitor (Fig. 8). The dotted line indicates 
the values obtained if the activity of the two alkaloids is measured during 
a period of 20 to 30 minutes after addition of acetylcholine following 
incubation. As pointed out before, during that period the equilibrium 
has not yet been reached and these values, used in the preceding study 
(10), indicate a stronger inhibition than that obtained in equilibrium. 

Inhibition As Function of Substrate Concentration—The inhibition of 
ACh-esterase at various substrate concentrations by the four inhibitors is 
shown in Figs. 9 to 12. ‘The enzyme was incubated for 60 minutes with 
the inhibitor before determining the activity. 

In presence of prostigmine, the optimum substrate ‘concentration is 
changed to a higher concentration in the presence of the drug (Fig. 9). 
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With increasing inhibitor concentration, this shift becomes increasingly 
stronger. The degree of inhibition for a given inhibitor concentration 
therefore varies greatly with the substrate concentration. At 3.3 xX 
10-? u acetylcholine, the enzyme is inhibited 10 per cent by 2 & 10 m 
prostigmine; at 3.3 X 10-* m acetylcholine, the inhibition by the same 
concentration of prostigmine is as high as 88 per cent. 


$0 
44 
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Fic. 9. Activity-pS curves for the enzymatic hydrolysis of acetylcholine by ACh- 
esterase in the presence of various concentrations of prostigmine. Curve 1 is the 
control, Curves 2 to 5, the hydrolysis in the presence of prostigmine in 0.4, 1, 2, and 
10 X 10-* m concentration. 

Fic. 10. Activity-pS curves for the enzymatic hydrolysis of acetylcholine by 
ACh-esterase in the presence of various concentrations of eserine. Curve 1 is the 
control, Curves 2 to 4, the hydrolysis in the presence of eserine in 3, 6, and 18 K 10-7 m 
concentration. 


Eserine—According to the results demonstrated in Fig. 6, eserine, like 
prostigmine, inhibits acetylcholine competitively. However, the opti- 
mum substrate concentration is only slightly changed in the presence of 
low eserine concentrations. The shift becomes more pronounced at rela- 
tively high eserine concentrations. In that case, the optimum substrate 
concentration is definitely higher than in the absence of the inhibitor 
(Fig.10). This agrees with the finding that in the presence of 3.6 X10-* m 
eserine the optimum acetylcholine concentration (pS) for the erythrocyte 
esterase of horse blood is 1.5, whereas it is 2.6 in the absence of the inhibi- 
tor (15). 
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DFP and TEP P—In the case of the irreversible inhibitors, the inhibj- 
tion is independent of the substrate concentration. This is illustrated 
in Figs. 11 and 12. At a concentration of 5 X 10-7 m DFP, for example 
the enzyme is inhibited to about 70 per cent at all substrate concep. 
trations. 
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Fic. 11. Activity-pS curves for the enzymatic hydrolysis of acetylcholine by 
ACh-esterase in the presence of DFP. Enzyme incubated 60 minutes with the in- 
hibitor before addition of acetylcholine. Curve 1 is the control, Curves 2 and 3, 
the hydrolysis in the presence of 1 and 2 X 10-* m concentration of DFP (during 
incubation; during determination, the concentration was 5 times lower). 

Fic. 12. Activity-pS curves for the enzymatic hydrolysis of acetylcholine by 
ACh-esterase in the presence of TEPP. Enzyme incubated 60 minutes with the 
inhibitor before addition of acetylcholine. Curve 1 is the control, Curves 2 and 
3, the hydrolysis in the presence of 5.6 and 8.4 X 10-* m concentration of TEPP 
(during incubation; during determination, the concentration was 5 times lower). 


DISCUSSION 


Several new differences between the various inhibitors of choline ester- 
splitting enzymes have been revealed in addition to those described pre- 
viously (10). The sequence in which inhibitor and substrate come in 
contact with the enzyme affects the course of hydrolysis in the case of 
the reversible inhibition, the alkaloids prostigmine and eserine, in a way 
different from that found in the case of DFP and TEPP. Whether the 
enzyme is first incubated with alkaloids or whether substrate and inhibi- 
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tor are added simultaneously, the degree of inhibition is the same after 
equilibrium has been reached. Before the attainment of an equilibrium, 
a period which lasts 10 to 25 minutes, depending upon the concentration 
used, the inhibition is stronger than during equilibrium when the enzyme 
has been incubated with the inhibitor. Since both compounds are com- 
petitive inhibitors of the enzyme and the formation of the enzyme com- 
plex in both cases is completely reversible, it should be expected that the 
equilibrium is the same irrespective of incubation. The substrate con- 
centration is much higher than the inhibitor concentration and this may 
explain why, in the case of simultaneous addition, the inhibition is less 
strong in the beginning than later, whereas if the enzyme has formed a 
complex with the inhibitor before the substrate is added, the inhibition 
is stronger in the beginning. When v/v’, the ratio of the velocity of the 
hydrolysis in absence and presence of the inhibitor, is plotted against in- 
hibitor concentration, the same straight line is obtained with or without 
incubation with both alkaloids. But the inhibitory effect of eserine is 
about 2.6 times stronger than that of prostigmine. 

In the case of irreversible inhibition, the degree of inhibition depends 
upon the time of incubation, as was previously demonstrated for DFP 
(10). Therefore, no equilibrium is attained, and if v/v’ is plotted against 
inhibitor concentration, the line is not straight. The same is true for 
TEPP, which, like DFP, inactivates the enzyme irreversibly, though 
more rapidly. If acetylcholine is added before the inhibitor, much higher 
concentrations of the latter become necessary for obtaining the same 
degree of inhibition as that observed after incubation. This protective 
effect of acetylcholine against the action of these two compounds contain- 
ing organic phosphorus suggests that these compounds act on the same 
active center of the enzyme molecule as acetylcholine. This assumption 
is supported by the observation that prostigmine in the same concentra- 
tion as the DFP has a very strong protective action. The protective 
action is obtained with very low concentrations if compared with that of 
acetylcholine. This may be explained by the high affinity of prostigmine 
tothe enzyme. The affinity of DFP to the enzyme cannot be evaluated 
since there is no equilibrium, but, as far as one can speak of affinity, it 
appears to be of a similar order of magnitude as that of prostigmine. 
Eserine in spite of its stronger inhibitory effect protects the enzyme 
markedly less against DFP. As long as the exact reaction is unknown, 
a satisfactory explanation for this difference will be difficult. The lack 
of any protective action by prostigmine against TEPP if equimolecular 
concentrations are used is not surprising. It may be explained by a 
much higher affinity of TEPP to the enzyme, since it inhibits in so much 
lower concentrations. It would be interesting to test whether a protec- 
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tive action of prostigmine may be obtained in 100 to 1000 times higher 
concentrations, but the concentration of the available enzyme prepara. 
tion is too low for such an experiment. 

Although it is possible to conclude, on the basis of the data presented, 
that both types of inhibitors may act on the same center of the enzyme 
as acetylcholine, but that in one case they form a reversible and in the 
other an irreversible complex, the underlying chemical reactions are at 
present unknown. This situation may be analogous to the inhibition of 
the combination of hemoglobin with oxygen by carbon monoxide and 
by potassium ferricyanide. Both inhibitors combine with the iron of the 
prosthetic group, the iron porphyrin. The carbon monoxide effect is 
easily reversible, whereas the potassium ferricyanide transforms the iron 
irreversibly. 

Study of the competitive inhibition of the enzyme by prostigmine and 
eserine has revealed another difference between the two alkaloids. Pro- 
stigmine causes a marked increase of optimum substrate concentration 
with increasing inhibitor concentration. It has been demonstrated 
for erythrocyte and brain esterase that choline exerts a shift of the opti- 
mum substrate concentration; the more choline is added, the higher is 
the optimum substrate concentration and the lower the activity. It is 
possible that other quaternary ammonium ions may behave similarly and 
that such compounds may inhibit competitively the formation of the 
enzyme-substrate complex. 

In the case of eserine, the shift of optimum concentration is much less 
pronounced and is marked only in high concentration of the inhibitor. 
Therefore, in low (e.g., 10~* m) acetylcholine concentration, both alkaloids 
inhibit the enzyme at the same concentration to about the same degree; 
in high (10-' m) acetylcholine concentrations, on the other hand, prostig- 
mine does not affect the enzyme activity at all, whereas eserine has a 
strong effect. The absence of a shift of optimum in the case of DFP and 
TEPP may be explained by a gradually lowered activity, since these 
compounds inhibit the enzyme irreversibly. 


SUMMARY 


The study of the kinetics of the inhibition of ACh-esterase by two 
types of inhibitors, reversible and irreversible, has been continued. 

TEPP was found to inactivate the enzyme irreversibly, and at 10° 
almost immediately, in contrast to DFP with which, at this temperature, 
the irreversible reaction is a relatively slow process. The study of the 
action of this inhibitor as a function of enzyme concentration has revealed 
that a considerable excess of inhibitor is necessary, which increases with 
increasing dilution. The enzymatic hydrolysis of acetylcholine in the 
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presence of prostigmine and eserine attains an equilibrium which is the 
same whether or not the enzyme has been incubated with the inhibitor 
prior to the addition of acetylcholine. No such equilibrium is attained 
with the irreversible inhibitors, DFP and TEPP. If acetylcholine is 
added to the enzyme simultaneously with the inhibitor, a protective action 
is observed, suggesting that all four inhibitors act on the same active 
center of the enzyme. TEPP is by far the strongest of all four inhibitors 
tested. 

When the inhibitor effects are studied at various substrate concentra- 
tions, prostigmine and, to a lesser degree, eserine produce a shift of the 
optimum substrate concentration. No such shift is observed in the 
case of the two irreversible inhibitors. 


We want to express our thanks to Mrs. Emily Feld-Hedal and to Mrs. 
M. Augustinsson for their assistance in the experiments. 
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PHOSPHOGLUCOMUTASE 
I. PURIFICATION AND PROPERTIES* 


By VENKATARAMAN JAGANNATHAN?t ano J. MURRAY LUCK 
(From the Department of Chemistry, Stanford University, California) 


(Received for publication, January 17, 1949) 


Phosphoglucomutase, the enzyme which converts glucose-1-phosphate 
into glucose-6-phosphate, is a known constituent of various animal tis- 
sues and yeast (1, 2). The crude enzyme is activated by Mg++, Mn*, 
and Cot* (2). Najjar (3) has isolated it in crystalline form from rabbit 
muscle extract by a method consisting of heat denaturation of inert tis- 
sue proteins and ammonium sulfate fractionation of the filtrate. The 
pure preparation had an activity per unit weight 50 times greater than 
that of the crude muscle extract. The pure enzyme was reported to have 
very little activity unless it was activated by cysteine. Mg** increased 
the activity of the enzyme, while Mn** could not be tested, since it forms 
a complex with cysteine and thereby inhibits phosphoglucomutase ac- 
tivity. The enzyme had maximum activity at pH 7.5 with 0.005 to 0.0025 
u Mgt* and 0.025 cysteine. 


EXPERIMENTAL 


Reagents—-The substrate, glucose-l1-phosphate, was prepared enzy- 
matically by the method of Hanes (4) and was recrystallized four times 
from 50 per cent alcohol. Albumin was found essential for complete 
activation of the enzyme system; crystalline bovine serum albumin, pro- 
vided through the courtesy of Armour and Company, was employed. 
As a reducing agent, also essential for activation of the enzyme, sodium 
sulfite was used; a solution, 0.20 m in concentration, adjusted to pH 
7.5 with dilute sulfuric acid, could be preserved at 4° in air-tight bottles 
for 2 weeks. | 
_ _Determinations—Inorganic phosphate was determined according to 

Fiske and Subbarow (5). Colorimetric measurements were carried out 
at 660 mz with a Beckman spectrophotometer. 

Glucose-1-phosphate was determined by hydrolysis with 1 N sulfuric 
acid at 100° for 7 minutes and estimation of the equivalent amount of 


* This work forms part of a thesis submitted by V. Jagannathan to the Department 
of Chemistry, Stanford University, in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 
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inorganic phosphate liberated. Glucose-6-phosphate is not hydrolyzed 
under these conditions. 

Nitrogen was estimated by the method of Johnson (6), the color being 
read at 490 my with a Beckman spectrophotometer. Micro-Kjeldahl 
determinations were also run on pure enzyme preparations. The values 
for nitrogen reported in this paper refer only to protein nitrogen. 

Estimation of Enzyme Activity—Enzyme solutions were tested for ac- 
tivity as follows except when otherwise stated. 

The enzyme solution was diluted with a solution of 0.10 m sodium 
sulfite containing 1 per cent serum albumin at pH 7.5. To an aliquot of 
diluted enzyme, magnesium sulfate, sodium sulfite, and serum albumin 
solutions (all at pH 7.5) were added and made up with distilled water 
to 0.5 ml. to give final concentrations of sulfate, sulfite, and albumin, re- 
spectively, of 10 mm, 20 mm, and 0.4 per cent. After temperature equi- 
libration of this solution at 36°, 0.5 ml. of approximately 32 mm di- 
potassium glucose-l-phosphate of the same pH and temperature was 
added. At the end of 10 minutes, 10 ml. of 5 per cent trichloroacetic 
acid were added and the precipitated proteins were removed by filtering. 
An aliquot of the filtrate was analyzed for glucose-1-phosphate. 

The difference between the acid-labile P before and after enzyme ac- 
tion was a measure of the glucose-l-phosphate converted. The unit of 
enzyme activity was defined as the amount of the enzyme required to 
cause a decrease in acid-labile P of 40 y under the above conditions. 
Three different dilutions of the enzyme were used for each test, the con- 
version of substrate being less than 50 per cent in each case. 

An aliquot of the enzyme solution was also analyzed for nitrogen and 
its purity expressed as units of activity per mg. of nitrogen. 

Method of Purification—A well fed rabbit was anesthetized by intra- 
venous injection of pentobarbital. It was then perfused with Ringer- 
Locke solution at 37° to wash out as much blood as possible. The solu- 
tion was allowed to enter under sufficient hydrostatic pressure through 
two hypodermic needles inserted into the ear veins of the rabbit and to 
pass out through the femoral artery. When the animal was dead, the 
back and thigh muscles were rapidly removed and minced with an equal 
volume of ice-cold distilled water in a chilled Waring blendor. After 
being kept at 4° for an hour with occasional stirring, the minced tissue 
was pressed through cheese-cloth. The residue was similarly reextracted 
with an equal amount of water. 

The combined extracts were adjusted to pH 5.0 with acetic acid and 
heated in a water bath with stirring so that the temperature rose to 56° 
in 6 to 7 minutes. After 10 minutes at that temperature the liquid was 
rapidly cooled and allowed to filter under suction at 4° overnight. 
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The clear filtrate was then mixed with one-ninth its volume of 1.0 m 
acetate buffer at pH 5.0 and cooled to 0°. Subsequent operations were 
carried out at —2° to 0°. Acetone was slowly added with stirring to 
give a concentration of 40 per cent by volume. After 1 to 2 hours the 
liquid was centrifuged and the clear supernatant solution treated with 
more acetone to 50 per cent concentration. The precipitate was collected 
by centrifugation after 2 hours and dissolved in 0.10 m acetate buffer 
at pH 5.0. 

The solution was reprecipitated as before with 40 per cent acetone. 
The clear supernatant liquid was then treated with 0.50 mM manganous 
sulfate to give a final concentration of 0.015 m. After 5 to 6 hours the 
precipitated enzyme was centrifuged and dissolved in the minimum 
amount of 36 per cent acetone. Insoluble material was removed by cen- 


TaBLeE I 
Purification of Phosphoglucomutase 
Enzyme preparation Volume Activity | Protein N Purity 
ml meg. 
Fresh extract (500 gm.muscle).............. 1000 410,000 | 2850 144 
Filtrate after heating at 56°................. 1000 360,000 | 275 1310 
-50% acetone fraction..................... 30 310,000 69 4500 
ist Mn** ppt......... 20 220,000 40 5500 
18 115,000 | 18 6300 


trifugation. The clear solution was then slowly added with stirring to 
38 per cent acetone containing 16 mM manganous sulfate and 0.05 m 
acetate buffcr (at pH 5.0 before addition of acetone). The volume of 
the solution should be such as to give a final concentration of 40 to 60 
7 of protein nitrogen per ml. If the protein concentration was too low, 
the concentration of acetone was slowly raised to 40 to 41 per cent. The 
solution remained clear initially and a precipitate slowly formed on stand- 
ing overnight. The precipitate was centrifuged and reprecipitated twice 
exactly as before. 

The final precipitate often contained fragments of crystalline material 
along with amorphous material, but it cannot be definitely stated whether 
these crystals were the enzyme or not. Further work on this was not 
continued. 

The results of a typical experiment are given in Table I. The final 
activity of the enzyme was 7000 to 7100 units per mg. of nitrogen, repre- 
senting a purification of about 50-fold. Further fractionation failed to 
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increase the purity above this level. Fairly concordant results were ob- 
tained by this procedure except when the perfusion of the muscle was 
unsuccessful. A similar difficulty due to the presence of blood in the 
muscle was noted by Najjar using a different method of purification (3). 

An electrophoretic study was made of the enzyme obtained after the 
first precipitation with manganous sulfate. One experiment was carried 
out with the enzyme (4400 units of activity per mg. of nitrogen) in bar- 
biturate buffer at pH 7.7 (24°), ionic strength 0.10, and a temperature 
of 0.6°. The enzyme was found to be about 62 per cent pure and had a 
mobility of —1.9 X 10-*° cm.? volt“ sec.—'; it was negatively charged. 
A second experiment with the enzyme (5100 units per mg. of nitrogen) 
in acetate buffer of pH 5.6 (22°), run at 0.05 ionic strength and 0.6°, 
showed that the enzyme was about 72 per cent pure; it was positively 
charged and had a mobility of +1.2 X 10-* cm. volt sec.—'. It was 
unfortunately not possible to study the pure enzyme electrophoretically, 
but the above results indicate that the enzyme with an activity of 7000 
units per mg. of nitrogen should be nearly 100 per cent pure. 


Properties of Phosphoglucomutase 

Purified enzyme with an activity of 7000 units per mg. of nitrogen 
was dissolved in 0.10 m acetate buffer at pH 5.0 and dialyzed free of man- 
ganous salts against several changes of the same buffer. The dialyzed 
enzyme was used for the study of its properties. 

The enzyme exhibited several unusual properties when tested with 
various activators (Table II). The pure enzyme showed very little 
activity in the absence of serum albumin or activating metallic ions. 
When serum albumin was present and sodium sulfite omitted from the 
reaction mixture, the enzyme showed the same activity with Mg* or 
Mn**. The addition of sodium sulfite caused a marked increase in ac- 
tivity with either magnesium or manganous ions, the net increase being 
somewhat variable with the enzyme sample and the period of storage. 
But at optimum concentrations of serum albumin and sodium sulfite, 
the activity of the enzyme in the presence of Mg*t* was always almost 
exactly twice the activity shown with Mn++. This effect was observed 
with enzyme preparations at all levels of purity. When both Mgt* and 
Mn** were added, the activity of the enzyme was the same as that shown 
with Mn* and was half that obtained with Mgt. 

In the presence of 0.02 m cysteine, serum albumin had only a slight 
activating effect, but the use of cysteine as activator was discontinued, 
since the comparative study of Mg++ and Mn++ was not possible with 
it. 

On dilution of the enzyme at room temperature with 1 per cent serum 
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albumin solution and incubation with 20 ma sodium sulfite at 36°, the ac- 
tivity of the enzyme increased slowly with time to a maximum in about 


Taste Il 
Effect of Activators on Phosphoglucomutase Activity 


Serum albumin MgSO. | MnSO« NiSOs NasSO; Activity 

cent mu mM mM mv ™ per mi. 
0 5 
0.2 | 12 
0.2 5 745 
0.2 0.5 | 760 
0.2 | | 0.5 638 
| 0.5 18 
0.2 | 5 | 10 2100 
0.2 ) | 0.5 | 10 1060 
0.2 5 0.5 10 1080 


Aliquots of purified enzyme solutions were mixed with activators as indicated, 
made up to 0.5 ml., and incubated at 36° for 10 minutes; 0.5 ml. of 32 mm substrate 
was added in each case. The pH of all reactants was 7.5, temperature 36°, time of 
reaction 10 minutes. The concentrations of activators in the reaction mixture are 
specified and activities are expressed as units per ml. of enzyme solution. 


Taste 
Effect of Time of Incubation with Sulfite on Enzyme Activity 
Enzyme diluted with | Time of incubation Activity 
1.0° serum albumin solution 0.5 229 
5 245 
10 262 
20 268 
40 273 
60 287 
0 288 
1.0% serum albumin containing 1 286 
0.1m NaSO, 5 288 
10 286 


Equal volumes of enzyme solution (diluted as stated) were made up to 0.5 ml. to 
contain 20 mm Na,SO;, 10 mm MgSQ,, and 0.4 per cent serum albumin and were in- 
cubated for varying periods of time at 36°; 0.5 ml. of 32 mm substrate was then added 
toeach. pH 7.5, time of reaction 10 minutes. 


40 to 60 minutes (Table III). But when the enzyme was diluted at room 
temperature with 1 per cent serum albumin containing 100 mM sodium 
sulfite, maximum activity was obtained soon after temperature equili- 
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bration at 36°, and there was no further increase in activity on prolonged 
incubation. This is in contrast to the rapid decrease in activity reported 
by Najjar (3) when the enzyme was incubated with cysteine. 

The activity of the enzyme was found to be proportional to the time of 
reaction until about 60 per cent of substrate was converted. At equilib- 
rium about 5 per cent of the initial glucose-1-phosphate was left in the 


IV 
Effect of pH on Enzyme Activity 
pH | Activity 
420 
7.5 458 
7.3 441 
7.0 368 
6.5 151 
6.0 62 
5.0 2 


The enzyme was diluted with 0.10 m Na.SO; containing 1 per cent serum albumin 
at pH 7.5; dilute H.SO, or NaOH was then added to give the desired pH. All other 
reactants were also at the same pH in each case, and other experimental conditions 
were as specified in the text for the determination of enzyme activity. 


TaBLe V 
___Effect of Mg** Concentration on Enzyme Activity 
Concentration of Mg** . Activity Concentration of Mg** Activity 

0 2 7 228 

1 70 10 215 

2 146 14 204 

5 260 20 147 


‘The experimental conditions were as described in the text, except for the Mg** 
concentration. 


reaction mixture (cf. (3, 7)). The optimum pH for enzyme activity 
was 7.5 (Table IV), confirming the value reported by other workers (2, 3). 
The optimum concentration of serum albumin was 0.05 per cent when s80- 
dium sulfite was omitted from the reaction mixture and was 0.20 per 
cent in the presence of sulfite. 

The optimum concentration of Mg** was about 5 mm (Table V), which 
is higher than the value of 0.5 to 2.5 mm reported by Najjar using cysteine 
as activator (3). 
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The optimum concentration of sodium sulfite was 10 to 20 mm (Table 
VI). 

Najjar’s procedure for activity determination was published too late 
for comparison with the above method. 

Potassium and calcium ions inhibited the enzyme. Sodium ions had 
no inhibitory effect, in contrast to the findings of Cori et al. (2). The 


Tasie VI 
Effect of Sulfite Concentration on Enzyme Activity 
Concentration of NasSOs | Activity 
mM | untls per ml. ensyme solution 

2 185 

6 234 

10 265 

20 252 

30 224 


The experimental conditions were as described in the text except for the sulfite 
concentration indicated. 


Tasie VII 
Inhibition of Enzyme Activily by Ions 
Additions Concentsation Inhibition 
an per cont 
NaCl... .. 50 0 
KCl.. .. 50 27 
CaCls..... 25 34 
HgSO,. .. 1.0 25 
0.1 100 
Na,AsO,. 1.0 53 


The experimental conditions were as described in the text except for the additions 
specified. The figures in the last column refer to the percentage decrease in activity 
relative to the activity of the enzyme when no inhibitors were added. 


| elect of sodium and potassium ions present in the reaction mixture due 
to the sodium sulfite and the substrate was not evaluated. Arsenate also 
mhibited the enzyme, while mercuric and cupric ions exerted a pro- 
nounced inhibition (Table VII). Cobaltous ions had an activating effect 
similar to that of manganous ions, while nickelous ions had no effect 
(Table II). 

| The pure enzyme was quite stable at pH 5.0 when kept at 2-5° and lost 
only 10 per cent of its activity in 2 to 3 weeks. The enzyme was rapidly 
and irreversibly inactivated at a pH lower than 4 or greater than 9.0. 
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All preparations of the enzyme contained phosphorus. Prolonged dialy- 
sis with stirring against water or buffers at pH 5.0 to 7.0 failed to remove 
the phosphorus. On the average the enzyme contained 6 to 7 y of phos- 
phorus per 10,000 units of activity. The possible significance of this 
constituent of the enzyme is discussed in the following paper (8). 


SUMMARY 


1. Phosphoglucomutase from rabbit muscle has been purified about 
50-fold by heating and fractionation with acetone and manganous sulfate. 

2. The enzyme was found to require about 5 mm Mgt**, 0.2 per cent 
serum albumin, and 10 to 20 mm™ sodium sulfite at pH 7.5 for maximum 
activity. 

3. With Mn** the activity of the enzyme was found to be half of that 
obtained with Mg**. 

4. The enzyme was activated by Co** and inhibited by K*, Ca**, 
Hg**, Cut**, and arsenate. 

5. The enzyme contains non-dialyzable phosphorus. 


The authors wish to thank Miss Hyla Cook for carrying out the elec- 
trophoretic measurements. ‘They are also indebted to Armour and Con- 
pany for contributing the bovine serum albumin used in these studies. 
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PHOSPHOGLUCOMUTASE 
I. MECHANISM OF ACTION* 


By VENKATARAMAN JAGANNATHANT and J. MURRAY LUCK 
(From the Department of Chemistry, Stanford University, California) 


(Received for publication, January 17, 1949) 


Doudoroff et al. (1) found that when bacterial sucrose phosphorylase 
was added to a solution of glucose-1-phosphate and radioactive inorganic 
phosphate a rapid exchange of phosphate between the inorganic and 
ester fractions occurred. They proposed the following mechanism: 


Glucose-1-phosphate + enzyme = glucose-enzyme + phosphate 


Schlamowitz and Greenberg (2) made a similar study of the conversion 
of glucose-l-phosphate to glucose-6-phosphate by phosphoglucomutase 
in the presence of radioactive inorganic phosphate and glucose labeled 
with radioactive carbon. Since no exchange took place between the glu- 
cose esters and radioactive phosphate or glucose, they concluded that a 
mechanism similar to that proposed by Doudoroff et al. is not operative 
in this case. They postulated that the reaction takes place through the 
intermediary formation of a cyclic diester of phosphate. 

During the course of work on purification of phosphoglucomutase it 
was Observed that the enzyme invariably contained phosphorus which 
could not be removed by dialysis. If the phosphorus were part of the 
enzyme molecule, another mechanism for the action of the enzyme is 
possible which has not hitherto been considered in enzyme studies. This 
involves an exchange of reactive groups between the enzyme and sub- 
strate. Phosphoglucomutase could combine with glucose-1-phosphate 
or glucose-6-phosphate to form a double link with glucose through two 
phosphate bonds. This compound could then be split at either the 1 
or 6 position to give the enzyme and the 6 ester or 1 ester as shown in the 
aecompanying diagram. 

If such a reaction were to take place, there should be an exchange be- 
tween the phosphate group of the ester and the phosphate group of the 
enzyme. The reaction between enzyme and glucose-1-phosphate labeled 
with P® should lead to a lowering in the specific activity (counts per 


*This work forms part of a thesis submitted by V. Jagannathan to the Depart- 
ment of Chemistry, Stanford University, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 


t Aided by a scholarship from the Government of Madras, India. 
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minute per microgram of P) of the glucose ester, while the enzyme should 
become radioactive. 


The evidence for such a mechanism is presented in this paper. 


Glucose-1-phosphate 6-glucose-1 glucose-6-phosphate 
+ = phosphate phosphate = + 
Enzyme-phosphate enzyme enzyme-phosphate 
Reagents and Measurements 


Labeled Glucose-1-phosphate—Since 1 mg. of enzyme contained less than 
1 y of P, it was necessary to prepare a substrate sample with a high count 
per microgram of P. About 8 mc. of P® (as H;PO,) were added to about 
0.04 mole of phosphate, which was used for the enzymatic synthesis of 
glucose-1-phosphate according to the method of Hanes (3). The yield 
of the dipotassium salt of the ester after three recrystallizations was 0.2 
gm. It contained a negligible amount of inorganic phosphate and was 99 
to 100 per cent pure. It had an initial radioactivity of 3000 counts per 
minute per microgram of P. 

Phosphoglucomutase—A detailed description of the purification of the 
enzyme is presented in the preceding paper (4). For the present work 
enzyme of 70 per cent purity was prepared as follows: 

Rabbit muscle extract was adjusted to pH 5.0 with acetic acid, heated 
at 56° for 10 minutes, and filtered. The filtrate was made 0.1 m with 
respect to acetate buffer at pH 5.0 and fractionated with acetone at —2’. 
The fraction obtained between 40 and 50 per cent acetone was similarly 
reprecipitated twice. The enzyme thus obtained was 70 per cent pure 
as determined by electrophoretic studies, and it was not further purified 
owing to insufficient yields of the pure enzyme. It was dialyzed at 4° 
in Visking sausage casings (previously boiled with water for 2 hours to 
remove soluble materials) successively for 12 hours each against several 
changes of 0.1 m acetate buffer at pH 5.0, distilled water, and barbiturate 
buffer at pH 7.4. Both the dialysis sacs and the outside liquid were 
stirred during dialysis, and any precipitate formed was removed by cen- 
trifugation before further dialysis. The final enzyme solution contained 
an irreducible minimum of 2 y of P per mg. of protein nitrogen. Some 
of the preparations contained considerably more phosphorus, which could 
be removed by further dialysis, but this was not attempted owing to inac- 
tivation of the enzyme by vigorous stirring. 

Phosphorus Determination—Phosphorus was determined by the method 
of King (5). Digestion and color development were carried out in the 


yo 
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same tube and the final volume was 3 ml. Colorimetric measurements 
were made with a Beckman spectrophotometer at 660 my. Three phos- 
standards and a blank were run with each determination. 
Radioactivity measurements were made with a Tracerlab autoscaler. 
Decay corrections were made for all experiments lasting more than 12 
hours. 


Exchange Studies 


The enzyme solution used in the following two experiments contained 
6.4 7 of P per ml. Prolonged dialysis of an aliquot showed that it con- 
tained 2 y of P per ml. which was non-dialyzable, while the rest could 
be determined as inorganic phosphate in the dialysate. 

In Experiment I, 5 ml. of enzyme solution were made up to 10 ml. to 
contain 0.2 per cent serum albumin, 0.005 Mm magnesium sulfate, and 0.02 
u sodium sulfite, the final pH being 7.5. To this solution 0.02 ml. of la- 
beled substrate solution containing 22 y of ester P was added. 

In Experiment II, 4 ml. of enzyme solution and labeled substrate con- 
taining 54 7 of ester P were used, other experimental conditions being the 
same. 

At the end of 3 hours at room temperature, one-ninth its volume of 1.0 
m acetate buffer at pH 5.0 was added to each solution, which was then 
dialyzed against a small volume (10 to 15 ml.) of buffer with stirring. 
After an hour the dialysates were collected and estimations of radio- 
activity and inorganic and total phosphorus were carried out in duplicate 
on aliquots. The enzyme solutions were dialyzed with stirring against 
several changes of acetate buffer at pH 5.0 for 3 days at 4°. 

The results are presented in Table I. The difference between the 
total P and inorganic P is a measure of the ester P (present as glucose-1- 
and glucose-6-phosphates), which contains the radioactivity. The en- 
syme became radioactive while the specific activity of the ester P de- 
creased from an initial value of 2010 to 1350 and 1840 counts per minute 
per microgram of P respectively in Experiments I and II. This suggests 
an exchange between enzyme P and ester P and the following calculations 
show the correspondence between expected and observed values. 

The non-dialyzable enzyme P and substrate P were 10 and 22 y respec- 
tively in Experiment I. If exchange occurs between the two and equilib- 
rium is reached, the total radioactivity initially present in 22 y of sub- 
strate P should then be distributed between 32 y. Hence the specific 
activity of the ester should be only 22/32 of the initial value of 2010 
counts per minute per microgram of P, which is equal to 1380. The ob- 
served specific activity is 1350. A similar calculation for Experiment II 
shows that the specific activity of ester P after reaction with enzyme 
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should be 54/62 of the initial value, or 1750 counts per minute per micro. 
gram of P. The observed value was 1840. (In these calculations, the 
effect of the dialyzable inorganic phosphate of the enzyme is ignored, 
since no exchange of this with ester P occurs as shown by Schlamowit, 
and Greenberg (2).) 

A further check was obtained from the radioactivity of the dialyzed 
enzyme. If equilibrium were established, the specific activities of enzyme 
P and ester P should be the same. This was experimentally confirmed. 

Radioactive enzyme was prepared by a similar procedure with several 
different enzyme preparations. When serum albumin and sulfite were 
replaced by cysteine, identical results were obtained, showing that the 


Tasie 
Exchange of Phosphate between Phosphoglucomutase and Labeled Glucose-1-phosphate 
Fraction Determination Experiment I | Experiment II 
Glucose-1-phosphate | Specific activity, counts per min. 2,010 2,010 
pery P 
Total P added, y 22 54 
Enzyme Non-dialyzable P, y 10 8 
Dialysate Ester P, Y 9.3 16.0 
Radioactivity, counts per min. 12,600 29, 400 
Specific activity, counts per min. 1,350 1,840 
peryP 
Dialyzed enzyme after, Non-dialyzable P, y 10 
reaction Radioactivity, counts per min. 11,800 14,000 
Specific activity, counts per min. 1,180 1,750 
peryP 


albumin did not influence the results. The labeled enzyme could be di- 
alyzed at 4° against acetate, barbiturate, phosphate, or glycerophosphate 
buffers ranging in pH from 5 to 7.5 without loss of radioactivity. In one 
experiment, dialysis for 15 days failed to remove its radioactivity. But 
when the enzyme was mixed, in the presence of magnesium sulfate and 
sulfite, with non-labeled glucose-l-phosphate in sufficient excess and 
shortly thereafter dialyzed against buffer or water, it rapidly lost its 
radioactivity while the dialysate containing the glucose esters was radio- 
active. 

These results can, however, also be interpreted on the assumption that 
the radioactive ester P was adsorbed or present in ionic combination with 
the enzyme after displacing an equivalent amount of inactive ester P orig- 
inally combined with the enzyme. If the enzyme initially contained 
glucose-l- or glucose-6-phosphate in ionic combination, there would be 
a mere ionic exchange between this ester P and the added radioactive 
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ester P. The previous experiments would not enable one to distinguish 
between such an exchange and the postulated mechanism. 

An unequivocal proof would require the study of the exchange between 
the enzyme and substrate labeled with radioactive carbon in the glucose. 
Adsorption of labeled substrate would lead to the enzyme’s becoming 
radioactive, which would not be the case if only an exchange of phosphorus 
between enzyme and substrate were to take place. It was, however, 
not possible to carry out such a study, and the following indirect evidence 
is offered in support of the theory proposed in the introductory para- 


An enzyme solution containing 44 y of P after prolonged dialysis was 
mixed with an equal volume of solution containing 0.04 m cysteine, 0.01 
mM magnesium sulfate, and labeled substrate equivalent to 116 y of ester 
P. The pH was 7.4. After 15 minutes at room temperature it was 
adjusted to pH 5.0 with 1 M acetate buffer and cooled to 0°. The enzyme 
was precipitated with 55 per cent acetone, redissolved in acetate buffer 
at pH 5.0 and similarly reprecipitated with acetone twice. The radio- 
activity of the enzyme and the three supernatant liquids was determined. 

The initial radioactivity of 116 y of substrate P was 62,400 counts per 
minute; if it were to exchange with 44 y of enzyme P, the expected radio- 
activity of the enzyme and glucose esters would be 17,200 and 45,200 
counts per minute, respectively. The observed value for the enzyme was 
18,100 counts per minute and remained unchanged after reprecipitation. 
The supernatant liquid after the first acetone precipitation, which con- 
tained the glucose esters, had the remaining radioactivity, while the super- 
natant liquid from the subsequent precipitations contained only traces 
of radioactivity. If the enzyme were to contain the labeled esters in 
ionic combination and in equilibrium with the free glucose esters, it would 
be difficult to explain the fact that about two-thirds of the total radio- 
activity associated with the esters is removed by the first precipitation 
while subsequent precipitations fail to remove the glucose esters. 

Moreover, it was found that when the radioactive enzyme was precipi- 
tated with 10 per cent trichloroacetic acid and filtered the filtrate con- 
tained all the radioactivity. Nearly all the phosphorus present initially 
in the enzyme (42 y) could be determined in the filtrate as inorganic 
phosphate (41 y of P). If the enzyme contained adsorbed ester P, this 
could not be determined in the filtrate as inorganic phosphate, since 
glucose-1- and glucose-6-phosphates are only slightly hydrolyzed under 
the conditions of the experiment. The results can be explained on the 
basis that the phosphorus is enzyme-linked and recovered in the filtrate 
oe inorganic phosphate after denaturation of the enzyme by trichloroacetic 
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It was also observed that, though the enzyme almost completely lost its. 
radioactivity when dialyzed after mixing with an excess of non-labeled 


glucose-1-phosphate at pH 7.5 in the presence of 0.005 m magnesium sy. 
fate, it retained about 15 to 40 per cent of the initial radioactivity if it were 
first inactivated by treatment with 0.01 m iodine and the iodine removed 
with thiosulfate before reaction with substrate and subsequent dialysis 
This can best be explained by the suggested mechanism, which requires 


unimpaired enzymic activity for an exchange of the radioactive enzyme 


P with the non-radioactive substrate P 


DISCUSSION 


The above evidence strongly suggests, though it does not unequivocally 
prove, an exchange of phosphorus between the enzyme and its substrate. 
If confirmed, it would necessitate a revision of the current concept that 
an enzyme merely catalyzes a reaction while remaining unaffected by it. 
The present work indicates a somewhat more direct participation of the 
enzyme than has hitherto been demonstrated, namely an exchange of a 
specific atom or group with a corresponding atom or group of the sub- 
strate. The specific group of the enzyme might conceivably be bonded 


through a high energy bond, as indicated by the rapid hydrolysis of the — 
phosphate of phosphoglucomutase by treatment with trichloroacetic acid _ 


in the cold. 


If the mechanism herein proposed is of rather general validity and is not 


restricted specifically to phosphoglucomutase, it is clear that the use of 
enzymes bearing appropriately labeled reactive groups would be of value 


in the study of enzyme kinetics, the determination of turnover numbers, | 


and the determination of molecular weights. 


SUMMARY 


Phosphoglucomutase contains non-dialyzable phosphorus. When the — 
enzyme acted on glucose-1-phosphate labeled with P*, the enzyme became 


radioactive, while the specific activity of the ester P decreased. The ob- 
served values for the subsequent radioactivity of enzyme and glucose esters 
correspond with those calculated on the hypothesis that an exchange 
between enzyme P and substrate P takes place. 

The radioactivity of the enzyme could not be removed by dialysis, but 
after reaction with an excess of non-labeled glucose-1-phosphate the en- 
zyme lost its radioactivity on dialysis. 

After denaturation by iodine the radioactivity of the enzyme was not 
removed by a similar treatment. 

The evidence strongly suggests an exchange between enzyme P and 
substrate P. The implications of such an exchange are discussed. 
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Addendum—After this paper was in proof there came to our attention the work of 


Sutherland, Posternak, and Cori (6) on the activation of phosphoglucomutase. In 


this work the cysteine-activated enzyme was found to be unable to convert glucose-1- 
phate to glucose-6-phosphate except in the presence of catalytic amounts of 
-1,6-diphosphate. If the inactive enzyme, prepared by ammonium sulfate 
erystallization, is phosphorus-free, the active enzyme-glucose diphosphate inter- 
mediate proposed by Sutherland et al. would be identical in composition with that 
by us. It would also follow that the reaction products would be glucose-6- 
phosphate and enzyme phosphate. Either the latter must be catalytically active in 


_ the sense of being able to combine with glucose-1-phosphate or must further dissociate 
- togive inactive enzyme plus phosphate. If the latter is the case, another mechanism, 


st present unknown, must exist for the regeneration of glucose-1,6-diphosphate. 
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CARTESIAN DIVER TECHNIQUE 


By C. LLOYD CLAFF ann THEODORE N. TAHMISIAN 


(From the Laboratory for Surgical Research, Harvard Medical School, Boston, the 
Argonne National Laboratory, Chicago, and the Marine Biological Laboratory, 
Woods Hole) 


(Received for publication, January 25, 1949) 


Micro respirometry studies, with the aid of the Cartesian diver (1, 2), 
have presented several problems in manipulation. One of these has been 
the problem of mixing two or more solutions quantitatively in the diver, 
after the start of an experiment. Methods have been described ac- 
complishing this (3, 4). These methods could be mastered only by special 
training, patience, and skill. 

A much less difficult technique is now proposed in which a new type of 
diver vessel is employed, having an upper reaction chamber, a lower ex- 
pansion chamber, and a relatively long neck. Precise control of overpres- 
sure necessary to mix the solutions in the diver is accomplished by the 
use of a sphygmomanometer bulb and valve, connected into the mani- 
fold system by a 3-way stop-cock (Fig. 1). The inner surfaces of the diver 
need to be coated with a hydrophobic surface such as Clarite, dissolved in 
toluene, only once. Thereafter there seems to be enough residual coating 
to take care of the requirements. Sudan III is mixed with the paraffin 
oil to facilitate visual observation of its position in the diver neck and 
phenolphthalein is used in the NaOH to detect any changes in pH. 


Hour-Glass Type of Diver 


A method for making Cartesian divers has been described (Claff (5)), 
in which the various steps are carried out in a jig. The preliminary steps 
in the process of making the new type diver vessel are the same as for the 
conventional diver. ‘The “blank” is carried through all steps, including 
Steps E, F, and G (see (5), Fig. 1). The capillary tubing is now as shown 
in Fig. 2, A. At this point the flame is placed in position z on the capil- 
lary, at least 4 to G6 mm. to the right of the bubble just formed. The 
capillary is twirled to and fro and a second bubble is formed. The end 
result should be as shown in Fig. 2, B. 

To achieve this result it is necessary to start heating the capillary at 
least 4 to 6 mm. from the first bubble. The reason is easy to follow. 
The first bubble was formed from part of the glass from the solid molten 
mass of the tail. The second bubble has no such source of glass and the 
glass must come from the capillary tubing itself. If the second bubble is 
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started too close to the first bubble, it simply coalesces with it, and one 
very large bubble is formed instead of two small ones. 
To complete the diver, it is necessary to cut the capillary so that the 


neck is at least 15 mm. long (Fig. 2, B), calibrate it, and add glass to the 
tail. 


REFERENCE LINE ------ — 


FLOTATION MEDIUM ----|-- 
(S.G. 1.321 ) TUBING 
HOUR GLASS TYPE mt 
DIVER 
SPHYGMOMANOMETER 


BULB 


Z 


MODIFIED CARTESIAN DIVER SYSTEM 
FOR MIXING SOLUTIONS 


ENZYME ~ SUBSTRATE 
EGGS ~ SPERM | 


| 
| 


Fia,. 1 


Specifications of Hour-Glass Type Diver (Fig. 2, C)—The following speci- 
fications are desired for this type of diver: capillary tube, 1.22 mm. out- 
side diameter (0.048 inch); neck length, 15 mm.; bubble diameter, 3 mm.; 
volume, 30 to 34 c.mm.; and total weight, approximately 97 mg. Suggested 
fillings are 2 c.mm. of oil, Solution 1, Solution 2, or alkali. The oil seal 
should be at least 2 c.mm. The other fillings are arbitrary, but must 


f 


So 
ch 
pa 
=— 
\ 
\ 
= 
\ 
\ 
\ 


Cc. L. CLAFF AND T. N. TAHMISIAN 579 


be predetermined before calibrating the diver, for which the procedure 
is*the same as for the conventional diver (5). 

‘Filling the Diver—The alkali drop, if used, is deposited by a calibrated 
pipette held in a diver filler device, as are Solution 2 and the oil seal. 
Solution 1 is placed on the side of the reaction chamber by the use of the 
“braking pipette’? described by one of us (C. L. C. (6)). The pipette 
should have a straight sided tip at least 25 mm. long, coated with Clarite, 
paraffin, or lanolin or some other hydrophobic surface. 


4106 WM. 
| CARTESIAN 
FLAME DIVER | OIL SEAL 
JIG 
"A 15MM. 
CAPILLARY, 0.D. = 1.22 MM 
sou 2. 
31M 
SOL. REACTION CHAMBER 
-- EXPANSION CHAMBER 
~~ ALKALI 


Fic. 2. Cartesian diver jig and new type of diver vessel to facilitate ‘“‘mixing’”’ 


EXPERIMENTAL 


To test the efficacy of this method the following experiments were per- 
formed. A suspension of Arbacia eggs was placed in the reaction chamber 
(Solution 1); a suspension of Arbacia sperm was placed in the lower end 
of the neck (Solution 2). An oil seal was placed in the upper portion of the 
neck, and an alkali drop at the bottom of the expansion chamber. While 
the diver vessel was observed through the microscope, mounted on the 
bath, the pressure of the manifold was slowly increased by the use of 
the sphygmomanometer bulb; the sperm suspension was slowly forced 
into the reaction chamber, where it coalesced with the egg suspension. 
As soon as the drops coalesced, the pressure was slowly returned to its 
initial pressure, by means of the valve on the sphygmomanometer bulb. 

Subsequently, cleavage was observed, proving the eggs were fertilized. 
The accuracy of the entire system, including the calibration of the pipettes 
used, was tested by loading the reaction chamber with 2 ¢.mm. of 0.01 m 
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NaHC0,, the lower portion of the neck with 2 c.mm. of 1.0 wn H,S0, 
and the seal with 3 c.mm. of oil. 

After a short equilibration period, overpressure was applied until the 
solutions were mixed, and then slowly and evenly the pressure was re. 
turned to the original pressure by releasing the valve on the sphygmo. 
manometer bulb. 

The CO, evolution was recorded for 20 minutes. The average of six 
experiments showed a recorded evolution of 97.0 per cent of the theoret. 
ical yield of COs. One experiment with 1 c.mm. of 0.01 m NaHCo, and 


05 
0.448 THEORETIC 
04 oll 97 % | 
0.01 NAHCOs «2CU.MM. | 
—NAHCOs 1-08 2 CU. MM. 
as} 
| 5276 0.224 THEORETICAL 
0.218 EXPERIMENTAL 
0.01% NaHCO; CU.MM. 
Ss 1.08 H2504 *2 CU.MM. 
0.1 
= 
= 
0 10 20 30 
MINUTES 


Fic. 3. CO; evolution from combination of NaHCO; and H,S0O, 


2 c.mm. of 1.0 n H,SO, showed a recorded evolution of CO, equal to 973 
per cent of the theoretical yield (Fig. 3). 

Since the contents of the diver may be readily examined at will by the 
aid of the microscope mounted on the bath, it is possible to correlate the 
pattern of the observed behavior and morphological changes of the mate- 
rial contained in the diver with the respiratory rate recorded. 

This was shown by the following experiment with Paramecium calkins, ( 
Mating Types I[ and II. 

The diver vessel was loaded with Mating Type I in the reaction cham- 
ber and Mating Type II directly above in the lower portion of the neck. — 
One diver was used as a control and the contents were not mixed. Af 

ter the combined respiration of Mating Types I and II was recorded for 
50 minutes in each diver, the contents of the experimental diver were 
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mixed. A reduction of respiration rate in the experimental diver was 
recorded for the next half hour; then a partial return to the former rate of 
respiration occurred. It was possible to observe the initial clumping of 
the Paramecium within 30 seconds of the mixing. ‘This we could corre- 
late with the depressed respiration. After half an hour we observed con- 


PARAMECIUM CALKINS| O 
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Fic. 4. Respiration rate changes due to mating reaction in Paramecium calkinsi 


(Mating Types I and II). 


jugating pairs breaking away from the mass. This observation coincided 
with a recorded partial return to the original rate of respiration (Fig. 4). 
The effect of uranyl nitrate’ on a group of seven Chaos chaos was tested 
' The senior author, C. Lloyd Claff, takes full responsibility for reporting the work 


with uranyl] nitrate and Chaos chaos, i.e. the two paragraphs describing the experi- 
ment and Fig. 5. 
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as follows (Fig. 5). The Chaos chaos were washed several times and al. 
lowed to become acclimated in acetate buffer, pH 6.6, made up with 
boiled tap water. 


18 

14 

---OlL 
12 --U0, (NOs). 
-CHAOS CHAOS 
08 
% CITRATE + PHOSPHATE 
an’ .O1M 
---- OIL 
--- CITRATE + PHOSPHATE 
= .001 M 
---.1W NAOH 
30 60 90 120 150 180 
MINUTES 
Fic. 5. Inhibition of respiration rate in Chaos chaos due to addition of urany | 


nitrate, and recovery upon addition of citrate and phosphate. 


The control diver was loaded with seven Chaos chaos, 0.1 N NaOH 2 | 


c.mm. of urany] nitrate, and an oil seal. The contents of this diver were 
never mixed. Its respiration rate is shown on the control graph (Fig. 9). 
The experimental diver was loaded in the same manner, and the respiri- 
tion was recorded for 1 hour. The uranyl nitrate was then mixed with 
the drop containing the seven Chaos chaos. Respiration was inhibited 
20 per cent. 
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After the 2nd hour the experimental diver was recovered from the bath, 
the oil seal removed, the neck of the diver cleaned with a spill of filter 
paper, and a charge of citrate and phosphate buffer (pH 6.4) was placed 
in the lower portion of the neck of the diver, together with a new oil seal. 
After a short equilibration period, the citrate-phosphate buffer was mixed 
with the drop containing the uranyl nitrate-treated Chaos chaos. Through 
the formation of the uranyl citrate complex, the toxic effect of the salt 
was eliminated, and a respiration recovery of 100 per cent was recorded. 


We wish to acknowledge our indebtedness to Dr. E. S. Guzman Barron 
for his interest and suggestions during the course of our experiments. 
We also wish to thank Dr. A. A. Schaeffer for furnishing the cultures of 
Chaos chaos, and Dr. Ralph Wichterman for cultures of Paramecium 
calkinst, Mating Types I and II. 


SUMMARY 


A technique is described, with a new hour-glass type of Cartesian diver 
vessel, which makes it relatively easy to mix quantitatively one or more 
solutions in the diver vessel at any time during an experiment. Some 
results and suggested uses of the method are described. 
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ACCUMULATION OF LABILE PHOSPHATE IN 
STAPHYLOCOCCUS AUREUS GROWN IN 
THE PRESENCE OF PENICILLIN* 


By JAMES T. PARK anp MARVIN J. JOHNSON 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, January 27, 1949) 


The multiplication of certain strains of Staphylococcus aureus is prevented 
by the presence of less than 0.1 y of penicillin per ml. of culture medium 
(1). It is known that such organisms increase in size after the addition 
of penicillin (2-4). We investigated this phenomenon to determine 
whether the increase in cell size represented an actual increase in cell sub- 
stance, and more particularly to determine whether various constituents 
of the cell increased at comparable rates. This study indicated that the 
acid-soluble organic phosphate content of the cells increased at an accel- 
erated rate under the influence of penicillin. It appears that much of this 
abnormal increase in soluble organic phosphate is attributable to a com- 
pound which contains acid-labile phosphate. In this paper, data are pre- 
sented which indicate that this material is a new organic labile phospho- 
rus compound. 


EXPERIMENTAL 
Methods 


Micromethods were used for all analyses. Nitrogen was measured by 
the method of Johnson (5). Reducing power was estimated by the re- 
duction of ferricyanide ions. The method, which will be published else- 
where, is similar to the method of Horvath and Knehr (6) but is 20 times 
more sensitive. The Fiske and Subbarow reagents were used for the 
determination of inorganic phosphate (7). The term labile phosphate is 
used in this paper to designate inorganic phosphate released when the 
sample, contained in 1 ml. of 1 N hydrochloric acid, is heated in a boiling 
water bath (99.4°) for 10 minutes. Stable phosphate represents total 
phosphate less inorganic phosphate and labile phosphate. The digestion 
procedure for nitrogen (5) was found satisfactory for total phosphate. 
Estimation of nucleic acid was based on the extraction procedure of Schnei- 


*Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This paper is based upon work sponsored in part by the Bio- 
logical Division, Chemical Corps, Camp Detrick, Frederick, Maryland, under con- 
tract No. W-18-064-CM-210 with the University of Wisconsin. 
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der (8). As may be seen in Fig. 1, the extraction removed the nucleic 
acids from S. aureus cells in 5 minutes, but additional phosphate was 
released by further extraction with hot trichloroacetic acid (TCA). The 
total nucleic acid content of the extract was then estimated from its phos- 
phorus content (9.8 per cent P assumed), and from its light absorption 
(260 my), on the assumption that the extinction coefficient was identical 
with that for yeast nucleic acid. 

S. aureus H was used throughout. The medium used in the growth 
experiments contained (per liter) 5 gm. of Difco peptone, 5 gm. of Difeo 


a. 


(by phosphorus) 


nucleic 
acid (by E260 my? 


i i i 


0 3 6 9 12 15 18 21 
MINUTES HEATED 


Fic. 1. Extraction of nucleic acids from S. aureus cells at 90° in 5 per cent TCA. 
Micrograms of nucleic acid = Eom. X 39.4 or micrograms of phosphorus X 108. 


yeast extract, 1 gm. of glucose, and 0.3 gm. of dipotassium hydrogen phos- 
phate. It was adjusted to pH 7 before sterilization. Crystalline sodium 
benzylpenicillin was used in all experiments. 


Results 


The results of an experiment in which normal S. aureus cells are com- 
pared with S. aureus cells that were grown for a short period in the pres 
ence of penicillin are recorded in Table I. It is seen that the cultures 
to which penicillin had been added did not increase in cell numbers, while 
the normal cultures approximately doubled in population. However. 
as measured by dry weight, nitrogen, phosphorus, and nucleic acid, the 
cell substance increased almost 50 per cent in the presence of penicillin. 
Cell substance of the normal cultures increased about 100 per cent in the 
same length of time. Gale (9) has noted a depression in the rate of forma- 
tion of ribose nucleic acid by S. aureus cells when grown in the presence 
of 5 units of penicillin per ml. The data from the several experiments of 
this type which we have performed do not suggest a marked depression 
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in the rate of formation of nucleic acid as compared to other components 
of the cell. The point we wish to emphasize is that most cellular com- 


TaBLe I 


Increase in Cell Substance of S. aureus Grown in Presence of 0.1 Unit of Penicillin 
per Ml. 

Six replicate 500 ml. Erlenmeyer flasks, containing 100 ml. of culture, were in- 
cubated at 30° on a shaker until one-fourth maximum growth was obtained (3 to 4 
hours). Two flasks were then harvested for zero time analyses, and at the same 
time penicillin was added to two of the remaining flasks. After 65 minutes further 
incubation, the four remaining flasks were analyzed. 

The analytical results are recorded as micrograms in the cells from 1 ml. of cul- 
ture. Total cell counts were made witha Petroff-Hausser cell counter. Micrograms 
of nucleic acid per ml. = Eos m, X 39.4 or micrograms of phosphorus X 10.2. 


| Composition of cells 
= Increase over initia! 
Analysis | 65 min. 
| Without | | Wi 
With penicillin With penicillin 
| per ceni per cent 
No.ofcellsX 10% 8.8 8.2 
9.1 10.1 17.8 
Dry weight 330 510 690 44 102 
360 510 750 
Nitrogen 44.8 72.8 86.2 63 92 
45.4 74.0 87.0 
Phosphorus 12.5 18.4 24.5 49 4 
12.5 18.9 24.8 
Nucleic acid (phos- 82 115 144 42 77 
phorus) «116 145 
Nucleicacid(E20m,) 88 | a 145 | 38 64 
| 91 124 149 | 
Acid-soluble fraction 
lnorganic P 1.92 | 3.42 3.90 27 105 
1.90 2.44 3.92 
Labile «s 0.16 0.46 0.33 200 100 
0.18 0.56 0.35 
Stable “ 0.84 1.96 1.83 12] 108 
0.93 1.95 1.8% 


ponents of S. awreus do increase in quantity at comparable rates during 
growth in the presence of 0.1 unit of penicillin per ml. 

However, during this period of growth in the presence of penicillin a 
marked change in the distribution of the acid-soluble phosphates of S. 
aureus occurs. The data in Table I illustrate this effect. The increases 
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in labile phosphate and stable phosphate are several times greater than | 
one would expect from the observed increases in cell substance. Over 69 _ 


per cent of the phosphate in the acid extract of normal S. aureus cells jg 
inorganic phosphate, 5 per cent or less is labile phosphate, and the remaip. 
ing 30 to 35 per cent is stable phosphate. In S. aureus cells after growth 
in the presence of penicillin, a smaller percentage of the acid-soluble 
phosphate is found free, about 15 per cent is bound as labile phosphate, 
and 40 to 45 per cent as stable phosphate. 


It is to be noted that this effect upon the phosphate balance of the cel] | 
was observed when only 0.1 unit of penicillin was added per ml. of culture. 


II 


Effect of Penicillin and Glucose Concentration on Acid-Soluble Labile Phosphate 
Content of S. aureus Cells 


0 time® 35 min.* 65 min.* 
units per mi. gm. perl. 
0 1 0.24 0.31 0.43 
0.1 l 0.24 0.53 0.52 
1.0 0.23 0.80 0.84 
0.1 0 0.11 | 0.21 | 0.28 


i 


All flasks contained 3 liters of medium and were incubated at 37° with aeration 
through carborundum dispersers. 

* Minutes after addition of penicillin. At zero time the cultures were growing 
rapidly and had reached approximately one-third maximum growth. 


From the data in Table II, it may be seen that under comparable condi- 
tions more labile phosphate is found in the cells if grown in the presence of 
1 unit of penicillin per ml. instead of only 0.1 unit of penicillin per ml. 
The effect observed is not simply the result of an inhibition of the hydroly- 
sis of the labile phosphates already present in the cells, since analysis 
immediately after the addition of penicillin did not reveal large amounts 
of labile phosphate. The data in Table II indicate that most of the labile 
phosphate is formed in the first 35 minutes after the addition of penicillin, 
and further that if glucose is omitted from the medium much less labile 
phosphate may be extracted from the cells. 

All of the experiments described in this paper have been repeated, in 
whole or in part, several times in the past 18 months with reproducible 
results. However, the absolute amount of labile phosphate obtained 
from normal cells varies from day to day. Occasionally when only 0.1 
unit of penicillin was added per ml. of culture, the phosphate balance was 
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not appreciably altered ; addition of 0.5 unit of penicillin per ml. has always 
been effective in causing accumulation of labile phosphate. 

Fractionation of the acid-soluble phosphate compounds showed more 
clearly the effect of penicillin upon S. aureus cells. The cells were treated 
as indicated in Table III. It is seen that most of the labile phosphate 
which accumulated with penicillin present appeared in the fraction which 
contained the alcohol-insoluble barium salts. Further purification has 


III 


Fractionation of Acid-Soluble Phosphates from Nornal Cells and Penicillin-Treated 
Cells of S. aureus 


The cells from 30 liters of a 3 hour-old culture of S. aureus (containing 13,000 
yu of total P) are compared with S. aureus cells from 30 liters of a culture in which 
13,000 units of penicillin were present for the final hour of a 3.5 hour incubation 
period (the penicillin-treated cells contained 13,000 um of total P). The cultures 
were incubated at 37° with aeration through carborundum dispersers. Each pre- 
cipitate was dissolved and reprecipitated before proceeding to the next step. About 
1800 um of inorganic phosphate were present in each extract. 


| Normal cells Penicillin-treated cells 
Treatment 
Labile P | Stable P Labile P Stable P 
Cells extracted with TCA; after TCA re- 125 865 445 1400 
moval with ether, extract neutralized, | 
concentrated to small volume, analyzed 
Excess barium ion added, adjusted to pH 40 170 75 | 340 
9.2, centrifuged, ppt. analyzed | 
Ethyl alcohol added to supernatant to ll 144 38 (250 
volumes %, centrifuged, ppt. analyzed | | | 
Ethyl alcohol added to supernatant from | 40 #280 297 | Ss 590 
above to 83 volumes %, centrifuged, ppt. | | | 
analyzed | | 


been obtained by reprecipitation of the barium salts, the fraction soluble 
in 60 per cent alcohol and insoluble in 80 per cent (by volume) being 
the purest, and by passage through the cation exchange resin, Amberlite 
IR-100 (Resinous Products and Chemical Company, Philadelphia). The 
best preparation contained, in 1540 gm., 1 mole of labile phosphate, 1.06 
moles of stable phosphate, and 6.1 moles of nitrogen. 

Since only about 10 um of material may be obtained from 1 liter of cul- 
ture, only a small quantity has been prepared. With the material avail- 
able, we have attempted to identify some of the components of the prep- 
aration, thus far with little success. The material absorbs strongly in 
the ultraviolet with a maximum at 262 mu. The molecular extinction of 
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the preparation, based on labile phosphate content, is 10,200. A color 
test (10) for uracil and cytosine was positive on a 10 mg. sample which 
had been hydrolyzed with 25 per cent sulfuric acid for 3 hours at 175° 
Evidence obtained by the paper chromatographic method of Hotchkiss 
(11) indicates that well over half of the light absorption is caused by uracil, 
Vischer and Chargaff (12) have demonstrated that cytosine is gradually 
converted to uracil during acid hydrolysis. However, if considerable 
cytosine had been present in the material before hydrolysis, an absorp. 
tion maximum of 265 to 270 my would have been expected. As tested 
by the method of Schmidt and Levene (13), only a small percentage of the 
otal absorption at 260 mu may be attributed to purines. 


q 
uM P released . 
from 1 mg. 


0.4 F 


0 10 20 30 


MINUTES HEATED 


Fic. 2. Release of inorganic phosphate from the preparation during hydrolysis 
in 1 n hydrochloric acid in a boiling water bath. 


Quantitative determination of pentose by an orcinol method (14) in- 
dicates that 0.2 mole of pentose is present per mole of labile phosphate. 
However, the amount of apparent pentose increases if the heating time is 
lengthened. Thus it is not certain whether the pentose is a contaminant 
or whether it is firmly bound and hence does not react quantitatively 
under the conditions of the orcinol test used. There is present in the prep- 
aration a potential reducing group which is completely freed in 3 minutes 
at 100° in 0.1 N hydrochloric acid. Under these conditions a small amount 
of phosphate is released. Hence it is possible to reprecipitate most of the 
material as the barium salt with alcohol, but the reducing material re- 
mains in solution. The reducing material thus obtained gives a yellow 
color (maximum absorption at 400 mu) in the carbazole test (15). The 
absorption spectrum does not correspond with that for any of the common 
hexoses or pentoses. The potential reducing power of the preparation 
per mole of labile phosphate is equivalent to about 0.7 mole of glucose a& 
determined by the ferricyanide reduction method. 
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There is no direct evidence that the reducing material, the constituent 
responsible for the absorption of ultraviolet light, and the labile phosphate 
are all parts of a single compound. However, the compound or com- 
pounds which possess these properties diffuse through a Northrop-Anson 
(16) porous disk at the same rate. 

The barium salt of the organic phosphate preparation is very soluble; 
one can readily dissolve 0.4 gm. in 1 ml. of water. 

The rate of release of phosphate from the preparation in 1 N hydrochloric 
acid in a boiling water bath is shown in Fig. 2. It can be seen that the 
labile phosphate is released in about 12 minutes, but that a true measure 
of the amount of labile phosphate present is obtained by 10 minutes hy- 
drolysis, since a small amount of stable phosphate is liberated. Under 
these conditions, 9 minutes hydrolysis is necessary to obtain a true meas- 
ure of the labile phosphate content of adenosine triphosphate. Thus the 
hydrolysis of phosphate from these compounds proceeds at almost the 
same rate. 


DISCUSSION 


Since penicillin is effective in such small quantities, it seems essential 
that its action be highly specific. The fact that sensitive bacteria do 
continue to grow for some time in the presence of small amounts of peni- 
cillin offers a special opportunity to look for the specific reaction with 
which penicillin is concerned: The labile phosphate compound de- 
scribed above may be related to this hypothetical reaction and hence ac- 
cumulate rapidly when the reaction is slowed. This compound appears 
to contain the major portion of the labile phosphate in such cells and may 
also be present in appreciable quantity in normal cells. 

It is believed that the properties ascribed to this material distinguish it 
from all known organic compounds containing labile phosphate. The 
absence of certain compounds lends support to this view even though the 
preparations studied have not been pure. Thus the absence of adenine 
excludes adenosine diphosphate and triphosphopyridine nucleotide. Of 
course, most of the known compounds of this type can be excluded on 
the basis of solubility alone. Glucose-1-phosphate and similar compounds 
are not present, since acid hydrolysis liberates the reducing group long 
before appreciable phosphate is released. Thiamine pyrophosphate 
does not have the absorption spectrum which is characteristic of the 
preparation. Thus it is concluded that this material represents a new 
form of organically bound labile phosphate. 

Further investigation of the properties of this material is in progress. 


SUMMARY 


Abnormal amounts of acid-soluble labile phosphate accumulate in 
Staphylococcus aureus cells when grown in the presence of penicillin. A 
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partially purified preparation has been obtained from such cells whieh | 
contains most of this labile phosphate. Evidence is presented which jp. 
dicates that this material is a new labile phosphorus compound. 
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ISOLATION OF SOME CRYSTALLINE YELLOW PEPTIDES 
FROM ENZYMIC DIGESTS OF DINITROPHENYL 
INSULIN AND DINITROPHENYL TRYPSINOGEN 


By D. W. WOOLLEY* 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, February 3, 1949) 


Previous work has shown that the peptide-like growth factor strepogenin 
probably occurs in certain proteins such as insulin and trypsinogen at 
the amino end of the protein (1), and that it is liberated by suitable 
enzymic digestion. This conclusion suggested a means for attacking the 
almost insurmountable task involved in separating the one compound 
strepogenin from the mixture of numerous peptides and other cleavage 
products which result from the enzymic digestion of a protein. If the 
protein were converted to the dinitrophenyl (DNP) derivative by reaction 
of its amino groups with 2,4-dinitrofluorobenzene (2), the strepogenin of 
which the amino group is exposed should be converted into DNP strepo- 
genin, which might then be liberated during enzymic digestion. A rela- 
tively small number of yellow, DNP compounds should result from such a 
digestion, because the number of amino groups of the proteins is small. 
Furthermore, the DNP derivatives are no longer amphoteric substances, 
but are organic acids which can be extracted into organic solvents and 
thus separated from the more numerous products of protein cleavage. 
This latter property very materially increases the scope of means available 
for successful separation of mixtures. For these reasons the isolation of 
pure, crystalline yellow cleavage products of DNP insulin and DNP 
trypsinogen has been attempted. Even though the biological inactivity 
of DNP strepogenin rendered impossible the direct determination of which, 
if any, of the isolated materials might be the derivative of the growth 
factor, the value of the study to the problem of the exact chemical struc- 
ture of proteins seemed sufficient reason for proceeding. 

Since much evidence points to the conclusion that strepogenin is a 
derivative of glutamic acid (3), the presence of this amino acid in one of 
the cleavage products of DNP insulin might indicate a relationship to 
strepogenin. However, all yellow peptides isolated contained this amino 
acid, and so no deduction could be made except that glutamic acid is very 
hear the amino end of some of the peptide chains in this protein. 


* With the technical assistance of R. A. Brown, J. Cowperthwaite, A. L. Holloway, 
and N. B. Smith. 
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When DNP insulin was digested with pancreatin and the digest acidified, 
three major fractions of colored material could be separated readily. One 
was obtained by extraction with ethyl acetate (Fraction 1), a second by 
subsequent extraction of the residual aqueous phase with butanol (Fraction 
II), and a third remained suspended in the watery layer as an insoluble 
precipitate (Fraction III). Since Fraction III did not occur when the 
strepogenin-containing portion of oxidized insulin (1, 4) was used in place 
of the native protein, this fraction was not separated further, even though 
it amounted to more than half of the total DNP insulin. It was not 
merely undigested DNP insulin, because repeated treatment with fresh 
portions of enzyme did not destroy it, and yielded only small amounts of 
soluble components. 

The ethyl acetate extract and the butanol extract were each separated 
into a number of components by a series of counter-current distributions 
between pairs of immiscible solvents. This method of separating pure 
compounds from mixtures of closely related substances has been developed 
by Craig etal. (5). For this purpose, no solvent system was found which 
was suitable for the separation of the free acids. Many which were tried, 
especially those containing chloroform, were found to cause extensive de- 
composition of the DNP peptides.'. However, the partition of the am- 
monium salts between butanol and dilute aqueous ammonia proved quite 
useful and, in the case of several of the components, led to the isolation of 
crystalline, and apparently homogeneous compounds. Both the ethyl 
acetate extract and the butanol extract when separated in this fashion 
showed a colored fraction which did not move with the advancing front 
of butanol, and this was called the ethyl acetate left end-piece, or the 
butanol left end-piece, since it remained in the left-hand tubes of a series 
used in the counter-current distribution. A second set of colored tubes, 
found in the exact center of a counter-current series, was obtained from 
the butanol extract (or Fraction II). This was called the butanol mid- 


1 This rather unexpected behavior can best be illustrated by the following experi- 
ment. Fraction II (the butanol-extractable fraction) was distributed counter-cur- 
rently between aqueous 5 per cent acetic acid and an organic layer made from 9 per 
cent chloroform and 10 per cent butanol. Part of the color remained completely in 
the aqueous phase and this fraction was partitioned counter-currently in a new 
solvent system of 5 per cent aqueous acetic acid and 1:1 chloroform-butanol. Most of 
the color remained completely in the organic layer. When this fraction was again dis- 
tributed in the first solvent system, it was found to be so altered that all the color re- 
mained in the chloroform phase of the first tube, whereas before solution in the 1:1 
chloroform-butanol it had remained in the aqueous phase. Indeed the color was now 
extractable into pure chloroform. This experience, together with many others of 4 
similar character, indicated that exposure to acid, chloroform, and butanol appre- 
ciably altered the yellow compounds. 
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In the ethyl acetate extract (Fraction I), a mid-piece, slightly to 
the right of the middle tube in a series, was found, and it was called the 
ethyl acetate mid-piece. At the right-hand end of a series of counter-cur- 
rent tubes of a partition of either the ethyl acetate extract (Fraction I) 
or of the butanol extract (Fraction II), there were some yellow fractions, 
representing substances which could not be extracted from butanol solu- 
tion into aqueous ammonia. These were designated the ethyl acetate 
and butanol right end-pieces. In addition, there was a colored substance 
which was present in the butanol extract or Fraction II which moved only 
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slowly down a series of counter-current tubes containing butanol and dilute 
aqueous ammonia, and this was called the slow moving butanol left end- 
piece. A flow sheet to clarify the preparation of these major fractions is 
shown. 

Some of these fractions obtained by counter-current distribution ap- 
peared either to be pure compounds or ones which could be rendered pure 
by simple additional distributions. This was true for the butanol mid- 
piece, the ethyl acetate mid-piece, and the slow moving butanol left end- 
piece. The criteria of purity were the following: (a) Each compound 
moved as a single symmetrical peak in counter-current partition of the 
ammonium salts between butanol and dilute aqueous ammonia. For each 
substance the symmetry of the peak was demonstrated by examination of 
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tubes on the left-hand side and on the right-hand side of the one with 
maxima! color. When the contents of these tubes were distributed counter. 
currently in the same solvent system, they showed a maximal color in the 
identical position to that assumed by the peak in the previous counter. 
current series. If readily separable impurities had been present, the posi- 
tion of the peak in the secondary counter-current distributions would not 
have been the same as in the primary one. (b) Evaporation of the am. 
moniacal solution of each of the isolated fractions left crystalline yellow 
solids with rather characteristic and reproducible melting points. (¢) 
Counter-current distribution of the isolated fractions in new solvent sys- 
tems failed to indicate the separation of a colored impurity. Although 
two compounds might have the same rate of migration in one pair of 
solvents, the likelihood that they would also move at the same speed in a 
second pair of solvents is more remote. (d) Because one might argue that 
the number of transfers in the distributions was not large enough to insure 
adequate separation, each isolated fraction was placed on a paper strip 
chromatogram (6) and examined in two different solvent systems. One 
of these was phenol saturated with dilute aqueous ammonia and the other 
was butanol saturated with dilute aqueous ammonia. There is evidence 
from many prior investigations that the resolving power of paper strip 
chromatograms is quite good. In the solvent systems employed the iso- 
lated fractions behaved as single substances. (e) Each isolated fraction 
was hydrolyzed and the hydrolysates were analyzed quantitatively for 
various amino acids by microbiological procedures. These tests showed 
that the molecular ratios between the amino acids in each substance were 
approximately 1:1. In the slow moving butanol left end-piece approxi- 
mately 3 moles of leucine were present for each mole of the other amino 
acids. If the isolated fractions were mixtures, one would not expect such 
stoichiometric proportions unless the components of the mixture were 
present in equimolecular amounts. The probable error in microbiological 
assays is large, but despite this, gross impurities should have been detected 
by the procedure outlined above. 

These criteria of purity may not be sufficient for substances such as 
peptides, but they are possibly as good as any thus far applied to such ma- 
terials. Taken together they indicate that the isolated substances were of 
sufficient homogeneity to warrant further study. 

A few of the fractions obtained by counter-current distribution were im- 
pure. This was true of the cthyl acetate right end-piece which formed 4 
diffuse hand of yellow color spread over several of the tubes at the right- 
hand end of the counter-current series. In these cases, some separation 
was achieved by differential solvent extraction and by extended counter 
current distribution in new solvent systems, but the obtaining of homo 
geneous material {rom the end-picces was not achieved. 
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The right-hand end-pieces, especially the butanol right end-piece, con- 
tained some artifacts. These fractions, it will be recalled, represented 
those substances which were completely held in butanol in preference to 
aqueous ammonia. They must, therefore, have been ammonium salts 
with a far greater affinity for butanol than for water, or else they were 
neutral compounds with no carboxyl groups. Now, since the peptides 
in the butanol right end-piece contained serine and threonine, the hy- 
droxyls of these amino acid residues in the peptide might be so situated as 
to allow lactone formation with the carboxyl groups. In this way neutral 
compounds could result. Evidence for this hypothesis was found in that 
the dry substances in the butanol right end-piece would not dissolve in 
0.1~ NaOH. However, when heated in this solvent for a time, solution 
occurred. When the resulting solution was acidified, the free acid 
was formed, and this, when distributed counter-currently between butanol 
and dilute aqueous ammonia, showed clearly two colored compounds. 
One of these moved in counter-current series as did the butanol mid-piece, 
and the other as did the butanol right end-piece. The amino acid composi- 
tion of the fractions was identical, as determined by the paper strip method 
of Consden, Gordon, and Martin (6), and was not altered from that of 
the original butanol right end-piece. During the acidification following 
the opening of the lactone ring by gently heating with alkali, some of the 
free acid formed reverted to the lactone, which once again appeared as a 
neutral compound at the right-hand end of a counter-current series. 
Furthermore, if the butanol mid-piece, isolated in the normal course of 
fractionation of the DNP insulin digest, was dissolved in water, acidified, 
and extracted with butanol, a counter-current partition of the extract so 
obtained showed not only a mid-piece as expected, but also a right end- 
piece, which probably arose by lactonization while the substance was in 
acid solution. The qualitative amino acid composition was unchanged 
during these operations. In view of these facts it would seem probable 
that at least some of the butanol right end-piece was an artifact which 
arose from the butanol mid-piece by lactonization while the latter was 
exposed to acid. This instability of the free acids, as well as other less 
clearly defined decompositions and rearrangements of the fractions under 
investigation, made it imperative to employ the mildest conditions possible 
for their preparation. 

The amino acids obtained by hydrolysis of each pure DNP peptide were 
determined qualitatively by paper strip chromatography, and the existence 
of most of the amino acids so indicated in the hydrolysates was confirmed 
Mmicrobiologically (7). The ethyl acetate left end-piece, after suitable 
purification, contained a substance which, when hydrolyzed, yielded only 
glutamic acid and the chromophoric group. The ethyl acetate mid-piece 
gave rise to the chromophoric group, glutamic acid, serine, threonine, 
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alanine, valine, leucine, and isoleucine. The butanol mid-piece yielded 
these same constituents and, in addition, aspartic acid. The slow moving 
butanol left end-piece gave the same amino acids (except alanine) as the 
butanol mid-piece, and the butanol left end-piece showed all except thre- 
onine, of the constituents of the butanol mid-piece plus cystine. The 
existence of serine and alanine in these substances was demonstrated solely 
by paper strip chromatography. While the serine could be detected with 
considerable certainty, alanine was not always easy to differentiate from 
the threonine, and for this reason there was some doubt of its existence in 
the compounds.?. The demonstration of the coexistence of leucine and 
isoleucine depended entirely on microbiological assay, since these two 
amino acids were not separable by chromatography on paper strips. 
Because the detection of the amino acids depended on the paper strip 
method, some of them may have escaped notice and thus the entire quali- 
tative composition of the yellow peptides was not regarded as established 
with certainty. 

The chromophorie group in each of the fractions was tentatively con- 
cluded to be a DNP-glycine residue, but the evidence for this was unsatis- 
factory. It consisted of the isolation of DNP-glycine from acid hydroly- 
sates, but the difficulty was that the yield was very low, and most of the 
colored hydrolysis product was obtained as an unidentified mixture which 
could be separated in a series of counter-current distributions between 
butanol and dilute aqueous ammonia as a left end-piece, which did not 
migrate with the butanol, and a right end-piece, which did not remain at 
all in the aqueous phase. This latter component was a neutral material. 

The failure to isolate good yields of DNP-glycine was not due to inade- 
quacies of the methods, because the counter-current distribution procedure 
was found to be an elegant way to separate DNP-glycine and DNP- 
phenylalanine, both of which Sanger has shown to occur in acid hydroly- 
sates of DNP insulin (2). However, in contrast to Sanger’s findings with 
a chromatographic method of separating DNP amino acids from hydroly- 
sates of DNP insulin, the counter-current procedure when applied to such 
hydrolysates showed a third colored substance, corresponding in position 
to the right end-piece vielded by hydrolysates of the peptides isolated in 
this work. When pure DNP-glycine was subjected to the action of hot 
20 per cent HCl, such as is used in the hydrolysis of the peptides, a minor 
portion of it was converted into a colored substance which stayed at the 
right-hand end of a counter-current series, but the extent of this decomposi- 
tion was small compared to that found with the DNP peptides isolated in 


? For this reason the composition of two of these peptides which were described in 
preliminary note (11) was slightly in error. The use of ammonia in the paper strip 
apparatus permitted a better means of distinguishing between threonine and alanine 
than did neutral aqueous phases. 
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this work. Studies with some synthetic peptides containing DNP-glycine 
residues revealed one which vielded no DN P-glycine when hydrolyzed with 
hot 20 per cent HC!, but which gave instead two colored components as 
did the compounds from insulin. “Thus, bis- DN P-diglycyl-a-aminoalanine, 
although containing a high amount of DNP-glycine residues, gave no 
DNP-glyvcine when boiled with strong HCl. This synthetic substance was 
converted completely into degradation products similar to those from the 
isolated peptides. ‘This fact tended to show that DNP-glycine can exist 
in a peptide in such a linkage as to preclude its liberation by the ordinary 
acid hydrolysis; but it does not imply that a structure identical with the 
synthetic model compound existed in the peptides from insulin. The small 
yield of DN P-glycine which was isolated from hydrolysates of the insulin 
fractions may be taken as evidence that the chromophore in these sub- 
stances was IJN P-glycine; or it may be taken as indication that the peptides 
were contaminated with small amounts of impurities which gave rise to 
to DNP-glycine. 

Insulin may be cleaved, as Sanger has shown (4), by oxidation with 
performic acid in formic acid solution, and when this is done, two major 
fractions are obtained. One fragment is soluble in water at pH 6, and 
the other is not. ‘The cleavage appears to depend on rupture of the mole- 
cule by oxidation of —S—-S— bridges of cystine residues rather than to 
hydrolysis of peptide bonds. Sanger has reported that the fraction soluble 
at pH 6 owes its free amino groups to glycine, and that the basic amino 
acids seem to be absent from it. Since Woolley (1) has shown that the 
strepogenin activity of insulin resided in this fraction of the oxidized protein, 
the DNP derivative of it was prepared, digested with pancreatin, and the 
digest was fractionated by the methods described for DNP insulin. Two 
major differences were noted in the yellow peptides from oxidized insulin 
fraction and those from DNP insulin: (1) practically no Fraction ITI 
(the yellow residue not extractable by ethyl acetate or by butanol) ap- 
peared, and (2) the butanol left end-piece gave a compound containing 
eysteic acid instead of cystine. 

Pancreatin digests of DNP trypsinogen were fractionated by the same 
methods as were used for DNP insulin, and two yellow peptides indis- 
tinguishable from those from DNP insulin were isolated. ‘These were the 
butanol mid-piece and the ethyl acetate mid-piece. ‘The probable identity 
of the fragments from insulin with those from trypsinogen was indicated 
by the following evidence: (1) The melting points were the same. (2) 
The positions in series of counter-current distributions were the same. 
This was true not only in butanol and dilute aqueous ammonia but also in 
other solvent systems. (3) The compounds from DNP insulin moved at 
the same rate as those from DNP trypsinogen on paper strip chromato- 
grams when tested side by side on the same paper. (4) The qualitative 
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amino acid composition as revealed by paper strip chromatography of 
hydrolysates was identical for the corresponding fractions of the two 
proteins. Thus it would seem that two moderately large pieces of both 
proteins were identical. Whether the same fragments could be found ip 
other proteins not originating in the pancreas is a question of importance 
to investigate. 

A third yellow peptide was isolated from digests of DNP trypsinogen. 
This one yielded DNP-methionine, serine, and isoleucine when it was 
hydrolyzed with acid. No evidence was found of a similar substance in 
digests of DNP insulin. 

Because the yellow peptides isolated from DNP insulin seemed to form 
a regular series of increasing amino acid complexity, the hypothesis might 
arise that they were all derived by graded hydrolysis from a single portion 
of the protein molecule. The order of occurrence of the amino acid resi- 
dues, counting from the free amino group of the protein, might thus be 
deduced, at least in part. This hypothesis has been examined in the fol- 
lowing ways and found not to fit the observed facts. The more complex 
peptides were digested further with fresh quantities of pancreatin, and the 
digests were examined for the presence of the less complex substances which 
one would expect to arise by stepwise degradation of the larger molecules. 
The slow moving butanol left end-piece was found not to give smaller 
yellow fragments when digested further. The butanol mid-piece, on the 
other hand, did yield small amounts of what appeared to be the ethyl 
acetate left end-piece and the ethyl acetate mid-piece; therefore, the exist- 
ence of two differing large peptides was indicated among the compounds 
isolated. 

A second line of evidence pointed to the same conclusion. Partial 
hydrolysis with cold, concentrated HCl gave a yellow cleavage product 
from the slow moving left end-piece and analysis showed that this fragment 
contained the chromophore, leucine, isoleucine, and glutamic acid. Similar 
treatment of the other large peptides (e.g. the butanol mid-piece) gave 4 
new fragment containing only the chromophore and glutamic acid. Thus, 
again, the existence of two large peptides was indicated with differing 
arrangements of amino acid residues. 

It would seem that at least two distinct peptide chains in insulin gave 
rise to the products isolated in this study. Much concerning the order of 
amino acids in this protein may be learned by further investigation of these 
materials. 


EXPERIMENTAL 


Pancreatin Digestion of DNP Insulin and Preliminary Separation of 
DNP Cleavage Products with Solvents—A typical run will be described in 
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this and subsequent sections to illustrate the procedures employed. 1.1 

_of DNP insulin prepared according to Sanger’s directions (2) from 
recrystallized insulin*® were suspended in 600 cc. of water containing 2.5 gm. 
of KzHPO,, and the suspension was heated. When it was almost boiling, 
the protein suddenly dissolved.‘ The cooled solution was treated with 
100 mg. of pancreatin, covered with a thin layer of toluene, and held at 
37° overnight. Enough HCI was added to reduce the pH to 3, and the 
resulting suspension was extracted five times® with 500 cc. portions of 
ethyl acetate. The extracts were evaporated under reduced pressure to 
dryness at a temperature below 40°. This was Fraction I. The aqueous 
suspension remaining after the ethyl acetate extraction was extracted four 
times with 400 cc. portions of butanol, and the extracts were mixed with 
| liter of water and 10 cc. of concentrated ammonium hydroxide and con- 
centrated under reduced pressure to dryness. Care was taken that the 
water was the last solvent to evaporate, because anhydrous butanol was 
deleterious. This was Fraction II. The residual aqueous suspension 
after the butanol extraction was filtered, and the precipitate was washed 
well with water and dried to yield 700 mg. This was Fraction III. The 
aqueous filtrate was colorless. 

Isolations of Pure DNP Peptides by Counter-Current Distribution of Frac- 
tions I and [[—For these separations, the general method of Craig et al. 
(5) was followed. The labor-saving machine developed by Craig was 
not used because it was necessary to centrifuge each tube after each transfer 
in order to cause the solvents to clear. The distributions were performed 
in centrifuge tubes, and the top layer was moved from tube to tube down 
the series with a fine tipped pipette. 

Fraction I (the ethyl acetate extract) was dissolved in 15 cc. of water 
containing 5 per cent of its volume of concentrated ammonium hydroxide, 
and the solution was evaporated under reduced pressure to dryness and 
counter-currently distributed between butanol and dilute aqueous am- 
monia (95 cc. of water plus 5 cc. of concentrated ammonium hydroxide) 
through a total of twenty tubes. 15 cc. of each solvent were used in each 
tube. The color in each tube was judged visually, and maxima, or peaks, 
were found in Tubes 1 (left end-piece), 12, 13, and 14, and a broad one in 
Tubes 16, 17, 18, 19, and 20. 


* Crystalline insulin used in this work was very kindly supplied by Eli Lilly and 
Company, by Hoffmann-La Roche, Inc., and by E. R. Squibb and Sons. Most of 
the experiments were performed with a Lilly sample, derived from beef, which had 
been recrystallized several times. 

‘Because the DNP insulin would only dissolve in rather hot alkaline solution, 
some change in the protein caused by these conditions seems probable. 

‘The extraction was continued until the final extract was colorless. The ethyl 
acetate mid-piece was not readily extractable into ethyl acetate. 
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Ethyl Acetate Left End-Piece—The contents of Tube 1 were concentrated 
under reduced pressure to dryness, dissolved in 15 cc. of water, and the 
solution was adjusted to pH 3 with HCI and extracted twice with ethy! 
acetate. The extracted material was dried under reduced pressure, then 
triturated with 10 cc. of ethyl acetate, and the insoluble matter was dis. 
carded. The soluble portion when evaporated left 6 mg. of a rather hy. 
groscopic, crystalline residue. This was the ethyl acetate left end-piece. 

Ethyl Acetate Mid-Piece—To purify the ethyl acetate mid-piece, the 
contents of Tubes 10 to 14, containing the middle peak in the counter. 
current series, were combined, concentrated under reduced pressure to 
dryness, and the residue was counter-currently distributed between ethyl 
acetate and a buffer made from 1 volume of 0.1 mM Na,HPO, and 2 volumes 
of 0.1 m NaH2PQO,. 15 cc. of each solvent were used in each tube and the 
fraction was distributed through ten tubes. A small amount of impurity, 
identified as 2,4-dinitrophenol,® m. p. 116°, was thus removed as a peak in 
Tubes 4, 5, and 6, and the pure ethy! acetate mid-piece was recovered from 
Tubes 1, 2, and 3 (peak in Tube 2) by acidification to pH 3, extraction with 
ethyl! acetate, and counter-current distribution between butanol and 
dilute aqueous ammonia. This last was done in order to obtain the am- 
monium salt, because of the hygroscopic and unstable nature of the free 
acid. By evaporation of the contents of the tubes showing color in this 
distribution, a crystalline preparation weighing 10 mg. was secured. These 
crystals lost birefringence and appeared to melt at 163°.’ After this change 
a solid residue was left which did not liquefy below 230°. 

In an attempt to purify the substance further, it was distributed counter- 
currently between butanol and 5 per cent aqueous ammonium hydroxide 
through twelve tubes with 30 cc. of the aqueous phase and 10 cc. of the 
butanol in each tube. A symmetrical peak of color appeared in Tube 7. 
In order to test the symmetry of this peak the contents of Tube 5 were 
distributed counter-currently in the same solvent system. A single peak 
of color occupying the same position in the series as that in the primary 
distribution was observed. Similarly, when the contents of Tube 9 of 
the primary distribution were distributed counter-currently, a single peak 
of color in the same position as that of the primary series was found. 

0.02 cc. of a 0.1 per cent solution of the colored substance in 3 per cent 
aqueous ammonium hydroxide was placed on a strip of Whatman No. | 


* If the acidified pancreatin digest was extracted with ether before ethyl acetate 
was used, the dinitrophenol was effectively removed. When this modification was 
used, the definition of the position of the mid-piece in the distribution was much 
clearer and the use of the phosphate-ethyl acetate counter-current distribution step 
was unnecessary. 

7 All melting points reported in this paper were determined on a hot stage micro- 
scope. 
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filter paper and the strip was treated as a paper chromatogram according 
to the general procedure described by Consden eé al. (6). When the solvent 
in the boat was phenol saturated with 3 per cent aqueous ammonium hy- 
droxide, the yellow color of the compound was observed to move as a single 
spot with an /’y of 0.68. When the solvent was butanol saturated with 
3 per cent aqueous ammonium hydroxide, the color moved as a single spot 
with an Rp of 0.63. 

Separation of Fraction 11; Butanol Left End-Piece—Fraction I1, the bu- 
tanol extract of the digest, was separated by counter-current distribution 
between butanol and dilute aqueous ammonia through a series of fourteen 
tubes with 15 cc. of each phase in each tube. Maximal color was in Tube 
2, in Tube 7, and in Tubes 13 and 14. In order to separate further the 
components at the left-hand end, the contents of Tubes 1 to 4 were freed 
of solvents under reduced pressure and distributed counter-currently be- 
tween butanol and dilute ammonia through twelve tubes, with 30 cc. of 
butanol and 10 cc. of aqueous phase in each tube. In this way the slow 
moving butanol left end-piece was concentrated in Tubes 3 and 4 and was 
separated from the butanol left end-piece which remained in Tube 1. This 
latter was precipitated as the free acid by evaporation of the solvents, 
solution in water, and addition of HCl. The only evidence for its purity 
was that preparations made from successive batches of digest showed the 
same decomposition point of 220°, and that on a paper strip chromato- 
gram with butanol-ammonia the color did not move, while with phenol- 
ammonia a single spot of Ry 0.58 appeared. 

Slow Moving Butanol Left End-Piece—The slow moving butanol left 
end-piece was obtained as 30 mg. of rod-shaped crystals, melting at 220° 
after darkening from 196°, by evaporation of the solvents under reduced 
pressure. Attempts were made to purify it further by counter-current 
distribution between butanol and phosphate buffer, but no heterogeneity 
was found. Similarly, it was purified by counter-current distribution 
between butanol and 5 per cent aqueous solution of butylamine. In this 
system, the butylamine salt of the peptide migrated faster than the am- 
monium salt had done in the runs above. With equal volumes of the two 
phases, a homogeneous peak was found in Tube 3 of a series of ten tubes. 
The butylamine salt was oily when dried. The homogeneity of the colored 
material in the counter-current distribution series with butanol and aqueous 
ammonium hydroxide was established in the same way as was described for 
the ethyl acetate mid-piece. When the compound was tested on paper 
chromatograms, it showed a single spot of yellow color with an Ry» of 0.12 
in butanol-ammonia and a single spot of Ry 1.0 in phenol-ammonia. 

Butanol Mid-Piece—The butanol mid-piece was freed of a trace of 
impurity by counter-current distribution between butanol and 0.1 
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sodium phosphate buffer made from 4 volumes of Na;HPO, and 1 volume 
of NaH,PQ, in a series of eight tubes. The impurity was found in Tubes 
3 to 5, but it was so small in amount (2 mg.) that its presence did not | 
materially affect the melting point of the main fraction. This latter was _ 
recovered from Tubes 7 and 8 by acidification to pH 4, extraction with 
butanol, and counter-current distribution between butanol and dilute 
ammonia. This latter step was necessary because in the acidification some 
of the substance was changed to that occurring in the butanol right end. 
piece (lactone of the mid-piece?). The mid-piece, obtained by evaporation 
of the ammoniacal solution, was a crystalline substance (26 mg.). When 
heated, it changed rather sharply at 135°, but when heating was continued, 
a second change occurred at 160° and the compound finally melted at 
205-210°. 

The symmetry of the peak of color occurring in the counter-current 
distribution series with butanol and dilute aqueous ammonia was demon- 
strated in a manner similar to that described for the ethyl acetate mid-piece. 
When the compound was tested on paper strip chromatograms, it was 
found to move as a single spot with an R, of 0.50 in butanol-ammonia and 
with an R, of 0.86 in phenol-ammonia. The presence of the impurity 
which was removed by the distribution in butanol and phosphate buffer 
could be demonstrated readily in crude preparations on a paper strip 
chromatogram with phenol-ammonia, for this impurity had an R, of 0.68 
in this solvent. On a butanol-ammonia chromatogram the impurity could 
not be distinguished from the butanol mid-piece. 

Isolation of DNP Peptides from pH 6 Soluble Portion of Oxidized Insulin 
—Since details of the procedure used by Sanger (4) for the oxidation of 
insulin and the separation of the fragments are not yet available, the 
method used in this work will be described. 500 mg. of crystalline insu- 
lin® were dissolved in 30 cc. of commercial formic acid, and 3 cc. of a 30 
per cent solution of hydrogen peroxide were added. After 15 minutes, 
the formic acid was removed as completely as possible in a good vacuum 
at 40°, the glassy residue was rubbed with 35 cc. of 0.2 nN H:SO,, and the 
suspension was freed of H,0, by alternate additions of small portions of 
KI and of Na,S.0;. The mixture was adjusted to pH 6, and after 2 days 
in the cold it was filtered and the precipitate was washed with 2 cc. portions 
of water. The filtrate was concentrated under reduced pressure to about 
30 cc. and 600 mg. of NaHCO; were added. Reaction with 2,4-dinitro- 
fluorobenzene (0.75 cc.) was conducted according to the general procedure 
of Sanger. After extraction of the excess reagent with ethyl acetate at 
pH 6, the DNP derivative was precipitated with HCl, washed, and dried. 


* Squibb insulin was used. 
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Pancreatin digestion of the product and separation of the yellow peptides 
were carried out as in the case of DNP insulin. Only 10 mg. of Fraction III 
(not extracted by ethyl acetate or by butanol) were found. In the counter- 
current distributions, the ethyl acetate mid-piece, the butanol mid-piece, 
and the slow moving butanol left end-piece were obtained from the peaks 
which occurred in the same positions in the series as were found in the case 
of DNP insulin. The melting points of these compounds were the same 
as those reported above. Impure colored fractions occurred at both left 
and right ends in the distribution of both Fractions I and II. 

Isolation of Ethyl Acetate Mid-Piece and Butanol Mid-Piece from Digests 
of DNP Trypsinogen—Crystalline trypsinogen® was converted to the DNP 
protein by the same procedure as that used with insulin (2). DNP 
trypsinogen, in contrast to DNP insulin, would not dissolve in cold or hot 
solutions of K,HPO,, and in order to bring it into solution, heating to boiling 
in 0.1 N NaOH for a minute was required. The degradation of the protein 
by this drastic procedure may have been extensive. As soon as solution 
was effected, the pH was lowered to 8. 1 gm. of DNP trypsinogen was 
thus dissolved in 400 cc. of water and digested with 100 mg. of pancreatin 
at 37° overnight. The solution was buffered with 500 mg. of K;,HPO, 
during this operation. The digest was then acidified to pH 3 and treated 
in the same manner as that described for DNP insulin. Fraction I (the 
ethyl acetate extract) yielded an ethyl acetate mid-piece, the position of 
which in the counter-current distribution series was identical to that for 
the ethyl acetate mid-piece of insulin. This fraction behaved the same 
as that from DNP insulin in the counter-current distribution with ethyl 
acetate and phosphate buffer. The symmetry of the peak of color, found 
in a counter-current distribution of the purified fraction through fourteen 
tubes of butanol and dilute aqueous ammonia, was established in the same 
way as that described for the ethyl acetate mid-piece of DNP insulin. 
The purified compound from DNP trypsinogen showed the same R, values 
as did the corresponding fraction from DNP insulin when tested on paper 
strips with butanol-ammonia and with phenol-ammonia. When the frac- 
tion from DNP trypsinogen was tested on the same paper strip with that 
from DNP insulin, the two substances were found to move at the same 
rate. The melting point of the compound isolated from DNP trypsinogen 
was the same as that described for the ethyl acetate mid-piece from DNP 
insulin. The yield of purified material was 10.6 mg. 

Fraction II (the butanol extract of the digest) was treated in the manner 
described for the corresponding fraction from DNP insulin. A peak of 
color appeared in the same position in the counter-current distribution 
as that occupied by the butanol mid-piece from DNP insulin. This colored 


* Crystalline trypsinogen very kindly supplied by Dr. M. Kunitz of this Institute. 
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fraction was purified by counter-current distribution between butanol 
and phosphate buffer and it was found to behave exactly as did the butanol 
mid-piece from DNP insulin. The purified substance from the butanol. 


phosphate distribution was distributed counter-currently between butanol — 


and dilute aqueous ammonia through twenty tubes, and it appeared as 4 
single colored peak with a maximum in Tube 10. The symmetry of this 
peak was demonstrated by secondary counter-current distributions, as 
have been described above. The purified substance was tested on paper 


strip chromatograms and was found to have the same /, values in butanol. | 


ammonia and in phenol-ammonia as those described for the butanol mid. 
piece from DNP insulin. These determinations were carried out simultane- 
ously with those for the substance from insulin. The melting point of 
the compound from DNP trypsinogen was the same as that described for 
the butanol mid-piece from DNP insulin. The yield was 5.5 mg. 

Isolation of New DNP Peptide from DNP Trypsinogen—When Fraction 
I (ethyl acetate extract) of the DNP trypsinogen digest was distributed 
counter-currently between butanol and dilute aqueous ammonia, a new 
colored substance appeared which had not been found in the digest of 
DNP insulin. This substance showed a peak of color with a maximum in 
Tube 3 of a series of fourteen. Tubes 2, 3, and 4 were combined, the 
solvent was removed under reduced pressure, and the residue was purified 


by counter-current distribution through twelve tubes, each containing 7.5 


cc. of butanol and 2.5 cc. of 5 per cent aqueous ammonium hydroxide. 
A symmetrical peak with a maximum in Tube 6 was found. The sym- 
metry of this peak was demonstrated by secondary counter-current dis- 
tributions such as those described above. The colored substance moved 
as a single spot on paper strip chromatograms. The Ry, of this spot was 
0.20 with butanol-ammonia and 0.68 with phenol-ammonia. When the 
solutions were evaporated, the substance tended to remain oily and crystal- 
lized only after prolonged storage. The yield was 4.1 mg. 

Amino Acid Composition of DN P Peptides—To determine the qualitative 
amino acid composition of a fraction, about 1 mg. was refluxed with 15 ee. 
of 20 per cent HCl for 24 hours, and the hydrolysate was evaporated to 
dryness under reduced pressure repeatedly, neutralized, and made to 1 ee. 
0.02 cc. was analyzed on strips of Whatman No. 1 filter paper according 
to the directions of Consden, Gordon, and Martin (6). Phenol was the 
most satisfactory solvent tested, and it was used routinely. Occasionally 
butanol, or a mixture of butanol and benzyl alcohol, or collidine, was also 
used. All fractions were examined with phenol saturated with water and 
with phenol saturated with 3 per cent aqueous ammonium hydroxide. 
As recommended by the originators of the method, a known mixture of 
amino acids approximating the composition of the unknown was always 
run beside the unknown on the same strip of paper. 
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In the case of fractions judged to be homogeneous (such as the mid- 
pieces) the results of the paper strip analysis were confirmed by micro- 
biological assays. The qualitative composition of these substances is 
shown in Table I. The quantitative results of microbiological assay are 
shown in Table II. The values in Table II serve only to indicate the 
molecular proportions of amino acids in the hydrolysates and do not repre- 
sent percentages of these constituents in the peptides. In most cases the 


Qualitative Amino Acid Composition of Purified DNP Peptides as Judged by Paper 
Strip Chromatography and by Microbiological Assay 


| | | 
a3 3 
Description of fraction | | i | : 
From DNP insulin 
1. Bethyl acetate left end-piece. . + | + | | | | | 
3. Butanol mid-piece . . iti +i +l +) + +) + 
4. Slow moving butanol left end- | | | | | | | | 
HC) cleavage product of (4).. +) | | | | 
+ | +, Ges 
From DNP trypsinogen 
9. Butanol mid-piece . . + i+) +) 4/4 
10. Ethyl acetate slow piece*....... i+ +] | +] | 


*Traces of the other amino acids contained in Peptide 3 could be detected if a 


high concentration of hydrolysate was tested. 


t Not the same as Peptide 1 because it moved at a faster rate in counter-current 
distribution (cf. the text). 


amino acids were in equimolecular proportions. However, in the slow 
moving butanol left end-piece, the ratio of leucine to the other components 
was about 3:1. Valine, in this peptide, was too high for a 1:1 ratio. 
Aspartic acid, isoleucine, and threonine were determined with the aid of 

mesenteroides and glutamic acid, leucine, and valine with 
Lactobacillus arabinosus. Threonine was also determined with Strepto- 
coccus faecalis. The same basic amino acid composition in the medium 
(8, 9) was used in all instances, and the particular acid to be determined 
was Omitted for the assay. A micro modification of the usual procedures 


| 
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was employed in which a total volume of 1 cc. of medium was used per 
tube. 


Nature of Chromophoric Group. (a) Counter-Current Distribution of Syn. 


thetic DNP Compounds—2 mg. samples of various synthetic DNP com. | 


pounds were distributed counter-currently between butanol and dilute 
aqueous ammonia through a series of eight tubes. 5 cc. of each solvent 


were used in each tube. The characteristic rate of migration of each of the _ 


compounds tested is shown in Table III. Values for other solvent systems 
are also given. 


Taste II 


Amounts of Various Amino Acids Found in Hydrolysates of DNP Peptides 
The results are in micrograms per cc. of hydrolysate and do not represent per. 
centages in the peptides. 


| acid | 


From DNP insulin 


1. Ethyl acetate mid-piece. . | 42 | 39 | 46 | 52 
2. Butanol mid-piece. 150 124 140 | 12) 
3. Slow moving butanol left end- piece. vag 23 | @ | 19 23 | 68 | 
4. Butanol left end-piece.......... ge | 85 | 78 | 72 | 80 
5. HCl cleavage product from (3)........ | 70 | 60 | 60 

From DNP trypsinogen = 

am 

6. Ethyl acetate mid-piece............... ee. | 24 35 | 37 
7. Butanol mid-piece..................... | | 73 | 90 | 101 


(b) Isolation of DNP-Glycine and DNP-Phenylalanine from DNP Insw _ 


lin—50 mg. of DNP insulin were refluxed in 15 cc. of 20 per cent HCI for4 
hours, and the acid was removed under reduced pressure. The residue was 


suspended in water, and the suspension was extracted four times with © 


ethyl acetate. The extract was freed of solvent and partitioned counter- 
currently between butanol and dilute aqueous ammonia through eight 
tubes with 5 cc. of each solvent in each tube. Maxima of color, or peaks, 
appeared in Tubes 3, 6, and 8. The contents of Tubes 2 and 3 were freed 
of solvents and counter-currently distributed between ethyl acetate and 
0.1 m acetate buffer made from 1 volume of acetic acid and 3 volumes of 
sodium acetate. When the distribution was continued through eight 
tubes, a good peak was found in Tube 4. The contents of Tubes 3 to 5 were 
acidified, and the ethyl acetate layers were evaporated. The residue was 
washed with water, dried, and shown to be DNP-glycine by its melting 
point of 205°. DNP-phenylalanine was obtained from Tubes 6 and 7 of 


| 
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III 


Position of Various Synthetic Compounds in Counter-Current Distribution between 
Immiscible Solvents in Series of Eight Tubes with Equal Volumes in Both Layers 


Compound With ethyl acetate- 


DNP-glycine... 
DNP-phenylalanine 
2,4-Dinitroanaline 
2,4-Dinitrophenol 
DNP-methionine 
DNP-alanine. 
DNP-serine. . 
DNP-threonine 
DNP-proline. . 
DNP-hydroxyproline 
DNP-valine. 
DNP-isoleucine.... 
DNP-aspartic acid... 

DNP-glutamic acid 

Di-DNP-tyrosine.. 
Di-DNP-lysine§.. . 

«DNP-lysine||. 

DNP-arginine. . 

DNP-histidine . 


- 
os 


DNP-glycyldehydroalanine...__ 
Bis-DNP-diglycyl-a-aminoalanine. _. 


_ 


*95 cc. of water + 5 cc. of concentrated ammonium hydroxide. 

t1 volume of 0.1 m acetic acid + 3 volumes of 0.1 m sodium acetate. 

} Buffer made by mixing 0.1 m solutions of Na:HPQ, and of NaH:PO, in the 
proportions indicated. 

§ In a system composed of 5 per cent aqueous ammonium hydroxide as the bottom 
layer and 2:1 ethy! acetate-ether as the top layer, the peak was in Tube 3. With 
just ethyl acetate as the top layer the peak was in Tube 6. The sodium salt was 
completely extractable from aqueous solution with ethyl acetate. 

| In a system of butanol and 0.1 x HCl, the peak was in Tube 6. 

** The peak was in Tube 2 when 3 volumes of butanol to 1 volume of ammonia 
were used instead of the 1:1 ratio. 


the butanol counter-current distribution by a partition with ethyl acetate 
and 0.1 m phosphate buffer made from 2 volumes of Na,HPO, and 1 
volume of NaH2PQ,. 


| 
er | 
| 
| Tube No., showing maximal color , 
| and aqueous | tate-acetate 
| NH.OH | buffert 2:1 NasH- 1:2 NasH- 
ns | | | NaHs NaHs | 
| 8 4 
| | 
u- | 3 
| 
| 
| 
| | 
8 | 
, DNP-cystine.. . | | 
— 
as 
th 
ht 
ed | 
nd 
of 
ht | 
re 
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(c) Demonstration of DNP-Glycine in Fraction III of DNP Ingulix 
Digest—100 mg. of Fraction III, the part not extractable by ethyl! acetate 
or by butanol, were hydrolyzed with HCl and separated exactly ag de. 
scribed for DNP insulin in the preceding paragraph, and DN P-glycine was 
readily obtained. 


(d) Stability of DN P-Gilycine to Hot, 20 Per Cent HCl—5 mg. of DNP. | 
glycine were refluxed in 15 cc. of 20 per cent HCl for 24 hours, and the - 
reaction mixture was concentrated to dryness under reduced pressure. | 


The residue was distributed counter-currently between butanol and dilute 


ammonia through eight tubes. Most color was found in Tube 3, but a | 
considerable amount of orange color was in Tube 8 (ef. (2)). Thus, some — 


decomposition had occurred during the prolonged acid treatment. 

(e) Investigation of Chromophoric Group of DNP Peptides Isolated from 
DNP Insulin Digests—Samples of 10 to 30 mg. of each of the compounds 
were refluxed in 15 ce. of 20 per cent HCI for 4 hours, and the acid was 
removed by evaporation under reduced pressure. The residue was then 
taken up in water, and the suspension which resulted was extracted five 
times with ethyl acetate. The extract was freed of solvent and counter. 
currently distributed between butanol and dilute aqueous ammonia. In 
every case, the major part of the color was divided into two components, 
one of which remained mostly in Tube 1 and the other in Tube 8. In the 


case of the butanol mid-piece, the butanol right end-piece, and the ethyl | 


acetate mid-piece, a faint peak was discernible in Tube 3, which should 
represent DNP-glycine. Therefore, the contents of Tubes 2 to 4 were 
freed of solvents under reduced pressure and counter-currently distributed 
between ethyl acetate and 0.1 m acetate buffer (made from 3 volumes of 
sodium acetate and 1 of acetic acid). When the distribution was con- 
tinued through eight tubes, a peak characteristic for DN P-glycine appeared 
in Tube 4. However, the amount of color thus to be attributed to DNP- 
glycine was only a small fraction of the total in the hydrolysate. The 
major colored hydrolysis product was found in the right-hand tube of the 
butanol-ammonia counter-current series, and this was shown to be a neutral 
substance because it could be extracted from either strongly acidic or 
alkaline solutions into ether. Results practically identical with these 
were found when the period of hydrolysis was 20 hours instead of 4. 

There was some evidence for another colored component in the hydroly- 
sates because the acidic aqueous phase which remained after the ethyl 
acetate extraction was still brownish yellow. It was not known whether 
this color arose from decomposition during hydrolysis or whether it was 
due to some yellow constituent not extractable with ethyl acetate. It was 
noted particularly in hydrolysates of the mid-pieces. On a paper strip 
chromatogram with butanol and ammonia this color moved at the same 
rate as did «~-DNP-lysine. 
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(f) Anomalous Behavior of Bis-DNP-diglycyl-a-aminoalanine on Acid 
Hydrolysis—Diglycy|-a-aminoalanine (10) was converted to the DNP 
derivative according to the general procedure described by Sanger for 
DNP amino acids, and the bis-DN P-diglycyl-a-aminoalanine was purified 
by counter-current distribution between butanol and dilute aqueous am- 
monia (cf. Table III). It was finally obtained as the water-insoluble free 
acid which melted at 170-175°. 


CisHOiuNs-H2O. Calculated, N 19.8; found, N 19.5 


10 mg. were refluxed for 4 hours in 20 per cent HCl, and the product was 
fractionated counter-currently with butanol and dilute ammonia. No 
trace of starting material or of DNP-glycine was found, but instead, two 
colored fractions, a left end-piece and a right end-piece, were present. 

By treatment with cold, concentrated HCl, followed by separation and 
hydrolysis of the individual cleavage products, DNP-glycine could be 
isolated from the compound, thus leaving little doubt that it was actually 
contained in the molecule. Cold, concentrated HCl (0.5 ce.) in 4 hours 
split the compound (5 mg.) quantitatively into two colored substances 
which were separated by counter-current distribution between butanol 
and aqueous ammonia. One product was identified as DNP-glycyl- 
dehydroalanine, found in Tubes | and 2 of the counter-current series,” 
and the other was a neutral compound, found in Tube 8, with the melting 
point of DNP-glycine amide (245°). When either one of these products 
was refluxed alone in 20 per cent HCl, DNP-glycine was formed, which was 
isolated by methods already described. 

(g) DNP-Methionine from Hydrolysate of Ethyl Acetate Slow Piece of DNP 
Trypsinogen—4 mg. of the ethyl acetate slow piece from DNP trypsinogen 
were dissolved in 15 cc. of 20 per cent HCl and the solution was refluxed 
for24 hours: Excess HC! was removed under reduced pressure, the residue 
was suspended in water, and the suspension was extracted three times 
with ethyl acetate. The extracts were freed of solvent under reduced 
pressure and the yellow substance was distributed counter-currently, first 
in butanol and dilute aqueous ammonia, then in ethy! acetate-acetate 


“If care was exercised to prevent the temperature from rising during any of the 
operations, an intermediate compound could be distinguished as a colored peak in 
Tube 2 of a series of eight counter-current tubes. This was probably DNP-glycyl- 
a-hydroxyalanine. Gentle warming such as that which occurred during concentra- 
tion under reduced pressure resulted in the disappearance of this material and the 
formation of a compound which behaved in a counter-current distribution as did 
synthetic DN P-glycyldehydroalanine. The course of the hydrolysis, therefore, was 
the cleavage to DNP-glycine amide by reaction of 1 molecule of water, and the 
subsequent dehydration of the relatively unstable derivative of a-hydroxyalanine. 
Synthetic glycyldehydroalanine used for the preparation of the DNP derivative 
was kindly supplied by Dr. J. P. Greenstein. 
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buffer, and finally in ethyl acetate and phosphate buffer. The compogi. 
tions of these buffers were those shown in Table III. The yellow materia) 
behaved in each of the solvent systems as did DNP-methionine (cf. Table 
III). The quantity of material available was not sufficient for identifica. 
tion by classical means. In addition to the yellow substance which behaved 
as DNP-methionine, there was also some orange material which remained 
in the right-hand end tube of the butanol-ammonia distribution. 

Partial Hydrolysis with Cold, Concentrated HCl of Slow Moving Butanol 
Left End-Piece—25 mg. of the slow moving butanol left end-piece were 
dissolved in 5 ec. of concentrated HCl for 5 hours at room temperature and 


the solution was then diluted with 25 cc. of water and extracted twice _ 
with butanol. The extracts were treated with 10 cc. of dilute aqueous | 
ammonia, concentrated under reduced pressure to dryness, and the residue — 
was distributed counter-currently between butanol and dilute aqueous — 


ammonia through a series of eight tubes. Peaks of color appeared in 
Tubes 1, 3, and 8. Contents of Tubes 2, 3, and 4 were freed of solvents 


under reduced pressure and the residue was distributed counter-currently _ 
between butanol and dilute aqueous ammonia through twelve tubes, — 
7.5 ec. of butanol and 2.5 cc. of aqueous phase were used in each tube. | 
The compound which was now found in Tubes 3, 4, and 5 was obtained | 
as a small amount of crystalline material by evaporation of the solvents. — 


Hydrolysis and analysis showed the presence of only glutamic acid, leucine, 
and isoleucine. 

Partial Hydrolysis with Cold, Concentrated HCl of Butanol Mid-Piece— 
10 mg. of the butanol mid-piece from DN. insulin were treated with HCl 
in the manner described in the preceding section. In the counter-current 
separation, the major part of the color appeared as a peak in Tube 8 of a 
series of fourteen. When the solutions containing this colored material 
were evaporated and the residue hydrolyzed, glutamic acid was found as 
the major amino acid. Traces of the other amino acids derivable from the 
butanol mid-piece could be detected if relatively high concentrations of 
the hydrolysate were tested. Because the cleavage product appeared in 
the same position in a counter-current distribution as did the butanol 
mid-piece from which it was made, this contamination was impossible to 
avoid. A similar cleavage product of the butanol mid-piece of DNP 
trypsinogen was found. 


SUMMARY 


Methods have been described for the separation of dinitrophenyl] amino 
acids (DNP amino acids) and of DNP peptides. These methods depend 
on differential extraction and on counter-current distribution of various 
salts of the DNP compounds. 
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Pancreatin digests of DNP insulin have been fractionated by these 
methods to yield four crystalline yellow compounds. These same four 
erystalline compounds were also obtained from pancreatin digests of the 
DNP derivative of that fraction of performic acid-oxidized insulin which 
was soluble at pH 6. Evidence for the homogeneity of these products was 
presented. 

Two compounds indistinguishable in all respects from two of those from 
DNP insulin were also isolated from digests of DNP trypsinogen. In 
addition a third substance, not obtainable from DNP insulin, was isolated 
fom DNP trypsinogen and found to yield DNP-methionine, serine, and 


jgoleucine when it was hydrolyzed. 


The amino acid composition of each of the substances from DNP insulin 


| was examined, and they were found to be of differing complexity. One 
- contained the chromophoric group and glutamic acid; the second yielded 


the chromophoric group, glutamic acid, serine, threonine, alanine, valine, 
leucine, and isoleucine; a third gave these constituents plus aspartic acid; 


anda fourth contained the same amino acids (except alanine) as the third 
but differed from it in the order of their arrangement. A fifth substance, 
_ the purity of which was not established, was found to contain the chromo- 
_ phoric group, aspartic acid, glutamic acid, serine, alanine, valine, leucine, 
_ jsoleucine, and cystine. The regular increase in complexity suggested that 


the simpler ones were degradation products of the more elaborate ones. 
Some evidence against this view was presented. Although some of the 
smaller peptides could be derived from one of the largest, another one of the 
largest molecules apparently had its amino acid residues arranged differ- 
ently. The amino acid residues occurred in these compounds in equi- 
molecular proportions, except for one in which approximately 3 moles of 
leucine were present per mole of other constituents. 

The chromophoric group was considered to be DNP-glycine, but because 
of the low yield of this substance which could be isolated from the hydroly- 
sates of the peptides, there was much doubt about this conclusion. Most 
of the colored material, or chromophore which was liberated by acid hy- 
drolysis, could not be identified with previously described yellow products 
fom DNP insulin. A model compound, bis-DNP-diglycyl-a-amino- 
alanine, was synthesized and found to behave on hydrolysis with respect 
toits chromophoric groups much as did the peptides from insulin. 

Partial hydrolysis of the larger of the DNP peptides gave rise to smaller 
yellow compounds and these were isolated. From one of the large peptides 
the cleavage product was shown to contain the chromophore, leucine, 
isoleucine, and glutamic acid. From another of the larger peptides the 
partial cleavage product was composed principally of the chromophore 
and glutamic acid. 
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METABOLISM OF DEHYDROISOANDROSTERONE IN A 
WOMAN BEFORE AND AFTER REMOVAL OF AN 
ADRENOCORTICAL TUMOR 


By HAROLD L. MASON, EDWIN J. KEPLER,* ann JOHN J. SCHNEIDER 


‘From the Division of Biochemistry, Mayo Foundation, and the Division of Medicine, 
Mayo Clinic, Rochester, Minnesota) 


(Received for publication, February 7, 1949) 


In earlier communications (Mason and Kepler (1, 2)) it was shown in three 
instances that dehydroisoandrosterone was converted largely to andros- 
terone and etiocholanolone before excretion in the urine. In two cases 
dehydroisoandrosterone could not be isolated and in the third case it 
comprised approximately 21 per cent of the crystalline substances isolated. 
The surprising efficiency of conversion of dehydroisoandrosterone to other 
substances raised the question as to why often such large amounts of 
dehydroisoandrosterone relative to the other 17-ketosteroids are excreted 
in the urine in cases of adrenal cortical tumor. <A rather obvious sug- 
gestion was that perhaps a large production of dehydroisoandrosterone 
(or its precursor) by the tumor overwhelmed the mechanisms for its con- 
version and destruction and led to an increased proportion of dehydro- 
isoandrosterone and therefore of the  3(8)-hydroxyketosteroids (the 8 
fraction) in the urine. It was proposed to test this suggestion by adminis- 
tration of dehydroisoandrosterone to a patient with an adrenal tumor who 
was already excreting fairly large amounts of 17-ketosteroids with a high 
proportion of 3(3)-hydroxyketosteroids. If the suggestion had any merit, 
it was anticipated that a large proportion of the dehydroisoandrosterone 
administered would be excreted unchanged. 

A suitable patient, who consented to be the subject of the study, was a 
woman twenty-nine years of age, who had become extremely virilized. 
Urine was collected for 10 days; then 50 mg. of dehydroisoandrosterone 
acetate in sesame oil' were injected three times daily (equivalent to a 
total of 131 mg. of dehydroisoandrosterone) for 8 days. All of the urine 
was collected during this period and for 3 days afterward, and pooled. 
Urine during the next 4 days was collected separately for isolation of the 
steroids. Previous experience indicated that the steroid content of the 
urine collected at this time would not be influenced by the injections of 
dehydroisoandrosterone acetate, and misfortune occurred in the isolation 


*Died October 19, 1947. 


‘We are indebted to Dr. Ernst Oppenheimer of Ciba Pharmaceutical Products, 
lne., Summit, New Jersey, for this preparation. 
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of steroids from the urine collected during the pretreatment period (first 
control period). 

After the patient had recovered from the operation for removal of an 
adrenal cortical tumor, beginning on the 24th postoperative day, dehydro- 
isoandrosterone acetate again was administered in the same manner and 
amount. The amount of 17-ketosteroids excreted during the postopera. 
tive control period was so small that no attempt to isolate steroids from 


TaBLe | 
Excretion of 17-Ketosteroids during Administration of Dehydroisoandrosterone 
before Operation 
Day No. Total 17-ketosteroids | B fraction mis 
Control period 
mg. per 24 hrs per cent 

1 271 | 45 
2 256 | 33 
3 248 | 23 

50 mg. dehydroisoandrosterone acetate 3 times daily zi 
4 252 | 28 
5 226 23 
6 319 32 
7 285 37 
8 262 | 42 
9 256 | 47 
10 296 36 
11 296 44 

After period 

12 272 46 
13 | 236 24 
14 | 256 48 


the urine collected during this period was made. Also for this reason 
determinations of the 8 fraction were not made. Determinations of the 
total 17-ketosteroids and of the 8 fractions were made during the first 
control period and daily during both periods in which the patient received 
dehydroisoandrosterone acetate. 

The results of the quantitative determinations are given in Tables I 
and II. The average value for the total 17-ketosteroids during the first 
control period (Table I) was 258 mg. (range 248 to 271) in 24 hours, 28 to 
45 per cent of which was the 6 fraction. On the 7th and 8th days of admin- 
istration of dehydroisoandrosterone acetate the value of the total 1/- 
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ketosteroids had increased to 296 mg. in 24 hours. The average value 
for the S days, however, was 274 mg., with a range of 252 to 2965 mg. It 
wems likely that the collections of urine on Days 5 and 6 were not accurate, 
since the low value on Day 5 was compensated by the high value on Day 
6. Thus, on the average, the daily administration of 150 mg. of dehydro- 
jsoandrosterone acetate caused an increase of only 16 mg. in the daily 
amount of 17-ketosteroids excreted. The @ fraction varied from 23 to 47 
yer cent of the total amount and never increased significantly beyond the 
maximal value obtained during the control period or the after period. It 


TABLE II 


Excretion of 17-Ketosteroids during Administration of Dehydroisoandrosterone after 


Removal of Adrenal Tumor 


Day No. Total 17-ketosteroids B fraction 


Control period 


mg. per 24 Ars. per cent 


on 


50 mg. dehydroisoandrosterone acetate 3 times daily 


5 15.1 6 
6 40.3 8 
7 54.4 23 
8 57.5 13 
9 59.4 14 

10 58.8 24 

11 | 31.7 38 

12 | 2 36 


| 


is evident that the daily addition of 150 mg. of dehydroisoandrosterone 
acetate to the steroids being metabolized did not produce a significant 
increase in the amount of 17-ketosteroids excreted or in the proportion of 
the 8 fraction. 

After removal of the tumor the excretion of 17-ketosteroids was only 
25 to 3.3 mg. per day (Table II). Injection of 150 mg. of dehydroiso- 
androsterone acetate daily for 8 days increased the excretion of 17-keto- 
steroids to between 50 and 60 mg. after the 2nd day. There was also a 
progressive increase in the 8 fraction to a maximum of 38 per cent in the 
8 day period. 

The results indicate that before operation the added dehydroisoandros- 
erone was very efficiently metabolized to substances not recognizable 
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as 17-ketosteroids. Dehydroisoandrosterone did not displace other 
17-ketosteroids in the urine, since the 8 fraction was not increased. After 
operation, however, excluding the Ist day, the average amount of 17-keto. 
steroids attributable to dehydroisoandrosterone was 47.8 mg. (50.6 mg. 
minus the average control value, 2.8 mg.), or approximately 36 per cent 
of the amount given. Furthermore, an appreciable proportion was jp 
the 8 fraction, which presumably was largely unchanged dehydroigo- 
androsterone (see the results of the isolation). 

The results of the isolation of the urinary steroids are summarized in 
Tables III and IV. A summary of the crude fractions is given in Table 
III, and of the crystalline fractions in Table IV. Unfortunately the ex. 


TasBce III 
Crude Fractions Isolated 


| Preoperative P rative  Postoperati 
Fraction | control period, period, DHA* — period, DHA® 
: 4 days given, 11 dayst given, 8 days 


a 1.107% 2.621 0. 452 
1.351 (0). 428 

0.258 0.657 0. 087 
Non-alcoholic ketonic.... .. .. .. .... 0.395 0.061 


* Dehydroisoandrosterone acetate. 

¢t Urine collected for 3 days after administration of DHA was stopped was included 
in this period. 

t This ketonic fraction was chromatographed without further fractionation. 


tract of the urine collected before the first administration of dehydroiso- 
androsterone was lost. However, the urine, collected just prior to opera- 
tion, on the 4th, 5th, 6th, and 7th days after administration of dehydro- 
isoandrosterone acetate had been stopped served as a control specimen. 

In accord with the quantitative determinations of the 8 fraction, dehy- 
droisoandrosterone, together with its derivative, chlorodehydroandros- 
terone, comprised more than half of the isolated ketones during the two 
preoperative periods. This relation is in agreement with previous obser- 
vations that the excretion of dehydroisoandrosterone usually is increased 
greatly in cases of adrenal cortical tumor. There appear to be no signif- 
cant qualitative or quantitative differences in the steroids isolated in the 
two preoperative periods. In the period after removal of the tumor there 
is evidence of conversion of dehydroisoandrosterone to androsterone and 
etiocholanolone, this time in a person who was not suffering from Addison's 
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disease Or pituitary insufficiency. Also, a relatively large amount of 
ynchanged dehydroisoandrosterone was recovered, 13.7 per cent of the 
ymount administered and 65.8 per cent of the ketones isolated. A much 
qaller proportion of dehydroisoandrosterone was recovered in the three 
cases previously described; indeed, none could be isolated in two of these 
cases. 

The weights given for androsterone isolated during the periods when the 
mor Was present may be misleading, since Lieberman and associates 
3) have shown that this fraction may contain large amounts of A°-andros- 


ien-3(a)-ol-17-one, which cannot be separated readily from androsterone 


TaBLe IV 
Steroids 
Preoperative | Postoperative 
| 
Dehydroisoandrosterone 282 58.0 488 44.4 144 
.. .. 78 «19.5 283 25.7 32 4.0 
.. .. .. .. 18 51 | 
5 12; 14! 1.3) 
Pregnane-3(a),20(a)-diol.. .. .. .. .... 10 2.5 82 7.5. 18 | 2.2 


'Deledrolscandrosterone acetate; 1200 mg. are equivalent to 1047 mg. of free 
dehydroisoandrosterone. 


t Urine collected for 3 days after administration of DHA was stopped was in- 
duded in this period. 


and which do not depress the melting point of the latter. Although we 
have been able in almost every case of adrenal tumor to isolate 11(8)- 
hydroxyandrosterone, the precursor of the A®-androstenolone, it was not 
possible to isolate it in this case. 

The aleohol, C.,;H3,0, was encountered in another case of adrenal tumor 
m relatively large amounts in the fraction conjugated with glucuronic 
wid. Its identity remains unknown. However, it formed a monoacetate 
and benzoate, and took up 2 hydrogen atoms in the presence of platinum 
catalyst. Presumably it is a pregnenol. The chemistry of this substance 
will be the subject of a later communication. 

4*-Androstene-3(8) ,17(a)-diol? has been shown to be a metabolite of 
dehydroisoandrosterone. A‘-Androstene-3(8) ,16(8) ,17(a)-triol? was not 


*Although recent evidence indicates that the configuration in these two com- 
pounds should be 17(8) and 16(a),17(8), respectively, they are here designated as in 
ihe preceding papers. 
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found, although it was sought exhaustively. When the tumor was present, 
the significance of the presence of pregnanediol is uncertain, since this 
patient had regular cyclic periods of bleeding which simulated norma! 
menstruation. Four other alcoholic non-ketones were obtained in amounts 
too small for further investigation. 


Comment 


Obviously the results in this one case do not support the hypothesis 
stated at the beginning of this paper. Since we have no measure of the 
amount of dehydroisoandrosterone (or its precursors) being produced by 
the tumor and metabolized, it may be that the amount of this substance 


injected was insignificant in comparison with the total amount being metab. | 


olized in various ways. However, if the mechanisms for metabolism of 


dehydroisoandrosterone were saturated, thus allowing a portion to escape — 
into the urine, it would be expected that any additional amount would — 
appear in the urine. Actually, it seems that the mechanisms for disposal _ 


of dehydroisoandrosterone were more effective in the presence of the 
tumor than after its removal. 

Previous studies (Mason and Kepler (1, 2)) on the metabolism of dehy- 
droisoandrosterone were made with subjects having pituitary insufficiency 
and adrenal cortical insufficiency. These subjects were, of course, not 
metabolically normal, but were selected because their endogenous pro- 
duction of steroid hormones was virtually nil. The question has arisen 
as to what effect their general metabolic deficiencies would have on the 
metabolism of dehydroisoandrosterone and other steroids. In the present 
case it may be argued that, when dehydroisoandrosterone was admin- 
istered after operation, sufficient time had not elapsed to permit the 
patient to recover fully from the effects of the operation or of the prior 
stimulus of large amounts of adrenal cortical hormones. Nevertheless, 
the patient had a functioning adrenal cortex and was metabolically normal, 
as far as could be determined. Since the metabolism of dehydroiso- 
androsterone was similar to that previously found, these results add 
further support to the conclusion that dehydroisoandrosterone is normally 
converted largely into androsterone and etiocholanolone before excretion 
in the urine. Individual quantitative differences have been pointed out 
previously. 

The daily excretion of 17-ketosteroids was somewhat low (2.5 to 3.3 mg.) 
at the time of the study after operation. However, a single determina- 
tion 10 months after operation gave a value of 5.5 mg. per 24 hours and 
another 19 months after operation gave a value of 4.3 mg. 


EXPERIMENTAL 


The 17-ketosteroids were determined in an aliquot of each daily specimed 
of urine by the method of Callow, Callow, and Emmens (4). The readings 
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it, } were corrected by the equation of Talbot, Berman, and MacLachlan (5). 
The 6 fraction was determined essentially by the method of Talbot, Butler, 
and MacLachlan (6). However, after precipitation of the digitonides 
overnight in the refrigerator and centrifugation, purified cholesterol was 
added to precipitate the excess of digitonin. The 17-ketosteroids not 
precipitated by digitonin were determined in the supernatant and the 
| gfraction was calculated. The total 17-ketosteroids were determined in 
an aliquot of the original extract treated in the same way, except for 
omission of the digitonin, in order to compensate for any changes of volume 
during the rather long procedure. 

The urine remaining after determination of the 17-ketosteroids was 
| pooled and processed in the manner previously described (7). The neutral 

extract was separated into alcoholic ketonic, non-alcoholic ketonic, 
gnd non-alcoholic non-ketonic fractions with the aid of Girard’s Reagent T 
 gnd succinic anhydride. The last fraction was discarded. Individual 
compounds were separated by chromatographic analysis on columns of 
aluminum oxide (Fisher’s alumina for chromatographic analysis) by using 
carbon tetrachloride (for ketonic fractions) and benzene (for non-ketonic 
fractions) containing increasing small amounts of alcohol. 

The major part of the dehydroisoandrosterone was isolated as the 
hemisuccinate by crystallization from acetone of the mixed hemisuccinates 
of the alcoholic ketonic fraction. After hydrolysis of the hemisuccinates 
in the mother liquor, the remaining dehydroisoandrosterone was _ pre- 
cipitated with digitonin before this fraction was subjected to chromato- 
gaphic analysis. Dehydroisoandrosterone, androsterone, and etiocho- 
| lanolone were identified by comparison with authentic specimens and by 
comparison of the corresponding acetates. A*-Androstene-3(8) , 17 (a)-diol 
and pregnane-3(a) ,20(a)-diol were identified in a similar manner. Chlo- 
rodehydroandrosterone (m.p. 155-156°) was identified by a positive 
Beilstein test and by comparison with an authentic specimen. 

Alcohol, C2,H,,0—This substance was eluted from the column of alumina 
by benzene alone when the alcoholic non-ketonic fraction was chromato- 
gaphed. The crystalline material weighed 80 mg. and melted at 140- 
41°. It formed an acetate which melted at 131-132°. The alcohol 
proved to be identical with a fraction obtained in another case of adrenal 
cortical tumor from the conjugates hydrolyzed with glucuronidase. In 
this latter case the empirical formula was established by analysis of the 
alcohol and the acetate. This compound will be the subject of a further 
communication. At this time it appears to be a pregnenol. 
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SUMMARY 


Dehydroisoandrosterone acetate (150 mg. per day) was administered to 
&woman with an adrenal cortical tumor who was excreting an average of 
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258 mg. of 17-ketosteroids per day. This amount of extra 17-ketosteroid 
resulted in an average increase in the excretion of 17-ketosteroids of 

16 mg. There was no detectable change in the amount of the 8 fraction. 
After removal of the tumor, the daily administration of 150 mg. of dehy. 
droisoandrosterone acetate resulted in an average increase of 47.8 mg. in 
the amount of 17-ketosteroids excreted and the 6 fraction increased to 
38 per cent of the total. 

During the periods without treatment and with treatment with dehy. 
droisoandrosterone acetate while the tumor was present, androster- 
one, dehydroisoandrosterone, etiocholan-3(a)-ol-17-one, 3-chlorodehydro- 
androsterone,  pregnane-3(a) ,20(a)-diol, 
and an alcohol, C:,;HaO, probably a pregnenol, were isolated from the 
urine. During the period of administration of dehydroisoandrosterone 
acetate after removal of the tumor, androsterone, dehydroisoandrosterone, 
etiocholan-3(a)-ol-17-one, and pregnane-3(a),20(a)-diol were isolated. 
The isolation of androsterone and etiocholanolone in this last period is 
further evidence for the metabolic conversion of dehydroisoandrosterone 
to these substances, although the extent of the conversion was not as great 
as was found previously in twc cases of Addison’s disease and one of pitui- 
tary insufficiency. 
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THE VERATRINE ALKALOIDS 
XXIX. THE STRUCTURE OF RUBIJERVINE 


By YOSHIO SATO ann WALTER A. JACOBS 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, February 15, 1949) 


Rubijervine has been shown to be a tertiary steroid base of 3(8)-hydroxy- 
s-stenol character. This was supported by its formulation, C2;7H,yO,N, 


| by the formation of a digitonide, by its hydrogenation to a dihydro deriva- 
tive, and by its oxidation to a A‘-ketone, which in turn could be reduced to 
 epimeric 3(a)- and 3(8)-A‘-stenols which gave characteristic Rosenheim 
- geactions (1-3). The presence of a second hydroxyl group was shown by 
the formation of a basic diacetyl derivative (2). On dehydrogenation 


with selenium, rubijervine yielded the characteristic 2-ethyl-5-methyl- 
pyridine obtained from other veratrine alkaloids (4-6) and from solanidine 
(2,7). Contrary to the latter, however, as in the case of the other veratrine 
bases, no Diels’ hydrocarbon was isolated. Instead, an isomeric methyl- 
eyclopentenophenanthrene (1), not previously encountered, was obtained 
which has not been identified with certainty but appeared to agree in 
properties with synthetic a-methyl-1,2-cyclopentenophenanthrene (8). 
In addition an appreciable amount of a phenolic hydrocarbon was obtained 
for which the formulation, C;gsH:.O, was derived and which appeared to be 
aderivative of a methyleyclopentenophenanthrene (1). This dehydrogena- 
tion product was not isolated in the case of any of the other bases and thus 
far is presumably a product characteristic of rubijervine and probably due 
to its extra hydroxyl group. More recently in work undertaken to remove 
this hydroxyl it has been definitely shown, by its conversion into solanidine 
and into solanidanol-(38) (9), that rubijervine is a hydroxysolanidine. 
From the general evidence, the most satisfactory interpretation for the 
structure of rubijervine, barring possible epimerizations, appears to be a 
12(a)-hydroxysolanidine (A*‘-solanidene-3(8), 12(a)-diol), Formula I. 
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A number of preliminary attempts to prepare rubijervine monoacetate 
resulted in the preponderant formation of the diacetate, and this was 
abandoned in favor of benzoylation when the latter proved more satis. 
factory. On benzoylation rubijervine yielded varying proportions, de. 
pending upon the conditions used, of rubijervine-3-benzoate and rubijerving 
dibenzoate which could be separated chromatographically. That the 3. 
hydroxyl group was more readily benzoylated with the initial preferentig! 
formation of the 3-benzoyl derivative was shown by the failure of the mono. 
benzoate to form a digitonide, and by the fact that its protection led to 
the production of solanidine. Oxidation of the monobenzoate with chromic 
acid yielded the monoketobenzoate (A*-solanidene-3(8)-ol-12-one benzoate), 
which could be readily saponified to rubijervone-12 (A5-solanidene-3(8)-ol-12. 
one). The benzoate, however, was used for conversion into the semi- 
carbazone, which in turn was reduced by the Wolff-Kishner method. The | 
reaction product, after purification through alumina, yielded a base which 
agreed in all properties such as melting point and rotation with solanidine. 
This was confirmed by the comparison of its acetyl derivative with acetyl- 
solanidine. 

In the conversion of rubijervine into solanidanol-(38), dihydrorubijervine 
(2) was oxidized with chromic acid to the diketo derivative (solanidane-3 , 12- 
dione). The disemicarbazone of the latter, when subjected to the Wolff- 
Kishner reduction, yielded a mixture from which solanidanol-(38) was 
isolated in fair yield. Along with the latter a small amount of a by-product 
was obtained which was believed to be solanidane. The anomalous be- 
havior of the 3-semicarbazone group, in that it was reduced to the hydroxyl 
group, is in agreement with the observations made by Dutcher and Win- 
tersteiner (10). These experiments, barring rearrangement, have shown 
that rubijervine must possess the same configuration as solanidine but 
with an extra secondary hydroxyl group. 

In the course of the work dihydrorubijervine dibenzoate and dihydrorubi- 
jervine-3-benzoate were also prepared. ‘The latter was oxidized to solani- 
dane-3(8)-ol-12-one benzoate, and unsuccessful preliminary attempts were 
made to dehydrogenate this substance partially to a possible A? “-12- 
keto derivative with selenious acid in accordance with the procedure of 
Schwenk and Stahl (11). 

In an effort to locate the position of the extra secondary hydroxyl 
group, a series of studies was made. The ready formation of a monoacyl 
derivative and the lack of ring cleavage on mild oxidation seemed to ex- 
clude positions 2 and 4, vicinal to the 3(O0H) group. Oxidation with 
periodic acid was nevertheless attempted on rubijervine but, as expected, 
no reaction was observed. The stability of the diketone observed with 
alkali, its absorption spectrum (Fig. 1), and the non-formation of a pyti- 
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dazine derivative (12) with hydrazine also preclude the presence of the 
OH group on position 1. 

The stability of rubijervine towards acids and the apparent lack of an 
a,d-unsaturated carbonyl group in the 3-hydroxyketo compound (A°- 
solanidene-3(8)-ol-12-one), as shown by the absorption spectrum (Fig. 1), 
makes assignment of OH to position 7 likewise untenable. In view of the 
accepted inactivity of the carbonyl group at position 11 towards ketonic 
reagents (13), this position can also be eliminated, since the diketodihydro 
derivative (solanidane-3 , 12-dione) forms the disemicarbazone. This leaves 
as possibilities only position 12 in Ring C, position 15 in Ring D, and 


Fig. 1. @, A®-solanidene-3(8)-ol-12-one; O, solanidane-3,12-dione; both in ethanol 


position 23 or 24 in the heterocyclic portion (position 26 is eliminated be- 
cause such a carbonyl derivative would be a substituted neutral lactam). 

Whereas solanidine yields Diels’ hydrocarbon upon selenium dehydro- 
genation, an isomer was obtained from rubijervine. If this result is due 
in some way to the interference offered by the second OH group towards 
the normal shift of the angular methyl group, hydroxyls located on Ring 
Cor D might seem more likely to interfere with such a shift than those 
onthe N ring. In such a case, positions 12 and 15 would appear to be 
the most likely for the second hydroxyl group. Some evidence seems to 
favor the 12 position. Considerable difficulty was encountered in the 
preparation of the semicarbazone of the ketomonobenzoate and disemi- 
tarbazone of the diketodihydro derivative. Analyses of the samples 
invariably showed a low nitrogen content and only by a purification which 
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involved considerable loss of material could satisfactory analytical figures 
be obtained. This is somewhat in accord with the findings of Dutcher 
and Wintersteiner (10) that ketones with carbonyl at position 12 can, on 
treatment with semicarbazide acetate, lead to incomplete semicarbazone 
formation. 
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A(A) 


Fic. 2. Absorption curve of CygH,O from rubijervine; in ethanol 


Optical rotation data also seem to favor the 12 position on applying 
Barton’s (14) method of molecular rotation differences. The molecular 
rotation of dihydrorubijervine, [M], = +220°, less the rotation of solani- 
danol-38) (9), [Af], = +113°, is +107°. This is in fairly good agreement 
with the value listed by Barton for a 12(a)OH, viz., +93°. Also the ro- 
tation for the diketodihydro derivative, [M] = +489°, less the rotation 
for solanidane-3-one, [M/], = +182°, gives +307°, which is compatible 
with the data given by Barton for the 12-keto group of +270° (14). 
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Finally, in the phenolic dehydrogenation product of rubijervine CysH,O, 
ultraviolet absorption shown in Fig. 2) apparently characteristic of the 
latter, the favored interpretation is that the phenolic group comes from 
the extra hydroxy! of the base. If so, this would exclude any position on 
Ring D or the side chain but not position 12. Although the data presented 


favor such a 12(a)-hydroxyl group, further studies are necessary to make 
this conclusion final. 


 XPERIMENTAL 
Rubijervine Monobenzoate and Dibenzoate—In a typical experiment 


00 mg. of rubijervine were dissolved in 5 ml. of dry benzene and 5 ml. of 
dry pyridine by slight warming and 0.3 ml. of benzoyl chloride was added 


to the solution. This was then heated in an oil bath for 50 minutes at 
100° (+5°). Most of the solvent was removed under diminished pres- 
sure to a syrupy consistency and 50 ml. of water were added. Addition 
of a slight excess of dilute ammonia resulted in a voluminous precipitate 


_ which was extracted with chloroform. The extract was washed with 


water and dried. After the chloroform was removed, the crude residue 
was dissolved in chloroform-benzene (1:10) and chromatographed through 
% gm. of (Brockmann’s) alumina. Elution with the same solvent mix- 
ture (1:10) yielded at first the dibenzoate. When this was changed to a 
1:2 solvent mixture, the monobenzoate followed. 

The monobenzoate crystallized as needles from benzene which melted 


under the microscope at 260-262°. Yields generally averaged about 80 
per cent. 


CyuHwO3N. Calculated, C 78.87, H 9.15; found, C 78.77, H 9.15 


The dibenzoate also crystallized as needles from methanol-acetone 
with a micro melting point of 186-187.5°. 


CyHyO.N. Calculated, C 79.19, H 8.27; found, C 79.31, H 8.56 


By raising the temperature or increasing the time of heating, the yield 
of the dibenzoate was increased considerably. 

4'-Solanidene-3(8)-ol-12-one Benzoate—A solution of 37 mg. of CrO; 
in 4 ml. of 90 per cent acetic acid was added dropwise to 260 mg. of rubi- 
jervine monobenzoate dissolved in 3 ml. of the same solvent and main- 
tained at about 15°. An immediate precipitate formed which redissolved 
mM agitation. After standing 16 hours at room temperature, about two- 
thirds of the solvent was removed under diminished pressure. 75 ml. of 
H;O were then added to the viscous syrup, followed by neutralization with 
dilute ammonia. ‘The copious precipitate was extracted with chloroform 
and the extract was washed with water and dried over anhydrous Na,SQ,. 
After removal of the solvent, the residue was crystallized from acetone. 
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It formed long rods which melted at 214-216° and solidified into large 
slabs or blades which again melted at 233-236°. For analysis it was 
dried at 110° and 0.2 mm. 


CyHyO;N. Calculated, C 79.18, H 8.80; found, C 79.16, H 8.82 


In several runs yields of 70 to 75 per cent were obtained. 

AS- Solanidene-3(8)-ol-12-one—42 mg. of the above benzoate were dis. 
solved in 0.8 ml. of benzene and refluxed gently with 10 ml. of 1 per cent 
methanolic KOH solution for 25 minutes. When about two-thirds of 
the solvent were removed under reduced pressure, needles separated. 
When twice recrystallized from methanol-ether, it formed long silky 
needles which melted under the microscope at 236-238°. 


la)*) = +45° (c = 0.89 in chloroform) 
CxHwO.N. Calculated, C 78.77, H 10.05; found, C 78.60, H 10.09 


The ultraviolet absorption spectrum of the substance shows only car. 
bonyl absorption, as given in Fig. 1. 

Semicarbazone of A®-Solanidene-3(8)-ol-12-one Benzoate—\80 mg. of 
the keto benzoate in benzene were concentrated to dryness in vacuo to 
insure removal of any acetone of crystallization and then dissolved in 
50 ml. of warm 95 per cent ethanol. A semicarbazide acetate solution 
was prepared from 0.2 gm. of potassium acetate in 2 ml. of 95 per cent 
ethanol and 0.2 gm. of semicarbazide hydrochloride in 0.6 ml. of H,0. 
The filtrate from precipitated KC] was added to the above solution. The 
mixture was refluxed for 3 hours and allowed to stand overnight. After 
removal of about two-thirds of the solvent under reduced pressure, 0 
ml. of HO were added and the solution was made slightly alkaline with 
ammonium hydroxide. The resulting copious precipitate was extracted 
with chloroform and the solution was thoroughly washed with water 
and dried over NazSQ,. The white solid obtained from the extract could 
not be crystallized. The amorphous residue (220 mg.) was thoroughly 
digested with cold ether, collected, and dried at 110°. 132 mg. of white 
amorphous solid were recovered, which decomposed above 265° with pre- 
liminary discoloration. In four runs the analyses all indicated low C and 
N values, even when pyridine was used as the solvent, as recommended 
by Dutcher and Wintersteiner (10). A satisfactory analysis was obtained 
only after the material was thoroughly washed with ether with a consid- 
erable loss of the substance. 


CyHwO,N,. Calculated, C 73.39, H 8.45, N 9.78 
Found, 73.30, 8.42, 9.93 


Reduction of Semicarbazone to Solanidine—125 mg. of the above semi- 
carbazone placed in a bomb tube with sodium ethylate solution pre 
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pared from 125 mg. of sodium and 5 ml. of absolute alcohol were heated 
for 8 hours at 200-210°. The contents of the tube were mixed with 100 
ml. of HO and the opaque solution was acidified with dilute HCl. A prac- 
tically clear solution resulted which was extracted thoroughly with ether 
to remove benzoic acid. 20 mg. of the latter were recovered. The 
aqueous phase was next made alkaline with ammonium hydroxide and 
the resulting precipitate was extracted with ether. The washed and dried 
extract, after removal of ether, yielded 60 mg. of white solid, which was 
dissolved in benzene and chromatographed through 3 gm. of alumina. 
20 mg. of substance were eluted with benzene-ether (9:1). When this was 
recrystallized twice from acetone, needle-shaped crystals were obtained 
which melted under the microscope at 214-218°. This substance gave 
no depression in melting point with an authentic specimen of solanidine 
(micro melting point 215-218°). 


lajp = —27° (c = 0.36 in chloroform) 
Prelog and Szpilfogel reported [a], = —27.0° + 4° (9). 
CyuHygON. Calculated, C 81.54, H 10.91; found, C 81.51, H 10.85 


In another run the crude substance obtained from the Wolff-Kishner 
reduction was directly crystallized from acetone and was used for the 
following acetylation. 

32 mg. of the base dissolved in 0.8 ml. of pyridine were treated with 
0.4 ml. of acetic anhydride and allowed to stand for 17 hours at room 
temperature. ‘The bulk of the solvent was removed in vacuo and 25 ml. 
of H,O were added to the residue. ‘The aqueous phase was made slightly 
alkaline with dilute ammonia and the flocculent mass was extracted with 
ether. The latter left a residue which, when recrystallized twice from 
alcohol, formed flat blades which melted at 207-209°.! This showed no 
depression in a mixed melting point with authentic acetylsolanidine. 


CyHwO.N. Calculated, C 79.04, H 10.30; found, C 79.20, H 10.32 


Dihydrorubijervine Monobenzoate and Dibenzoate—0.2 mil. of benzoyl 
chloride was added to 0.175 gm. of dihydrorubijervine (2) dissolved in 5 
ml. of benzene and 5 ml. of pyridine. The solution was heated in an oil 
bath at 110-120° for 75 minutes. After partial concentration and addi- 
tion of water, the solution was made alkaline with dilute ammonia and 
the precipitated mass was filtered and dried. This material was chromato- 
graphed over alumina. The dibenzoate (120 mg.) was obtained by elu- 
tion with benzene-ligroin (3:1), while the monobenzoate (35 mg.) fol- 
lowed in the benzene-ether (2:1) eluate. 


' Schépf and Herrmann report 206-208° (15). 
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The dibenzoate crystallized from benzene as needles which melted at 
266-269°. 


CyHygOwN. Calculated, C 78.93, H 8.56; found, C 79.06, H 8.47 


The monobenzoate was crystallized from methanol-acetone. It formed 
rosettes of needles and melted at 187-190°. 


CyuHwO.N. Calculated, C 78.57, H 9.50; found, C 78.70, H 9.46 


Solanidane-3(8)-ol-12-one Benzoate—30.5 mg. of chromic oxide dissolved 
in 3.5 ml. of 80 per cent acetic acid were added dropwise to 156 mg. of the 
above monobenzoate in 2 ml. of acetic acid. The mixture was allowed to 
stand at room temperature for 80 minutes. After concentration, 125 
ml. of H.O were added, followed by excess dilute ammonia. The volumi- 
nous mass was extracted with chloroform. The washed and dried extract 
yielded, after removal of the solvent, the crude product which was crys- 
tallized from a mixture of acetone and benzene. It formed rosettes of 
needles which melted at 236-241°. 


CyuHwOyN. Calculated, C 78.87, H 9.15; found, C 78.77, H 9.18 


The above compound was treated with selenious acid according to the 
procedure of Schwenk and Stahl (11), but nothing definite could be iso- 
lated from the darkly colored solution. 

Solanidane-3 , 12-dione—0.25 gm. of CrOy, dissolved in 10 ml. of 80 per 
cent acetic acid was added dropwise to 0.31 gm. of dihydrorubijervine 
(2) dissolved in 25 ml. of glacial acetic acid. After 1 hour at 27-29°, the 
mixture was diluted and extracted with chloroform. The chloroform 
phase was washed with 5 per cent NaHCOs, then with H,O, and dried over 
NaSO,. After removal of the solvent, the crude product was crystallized 
from acetone. It formed large rhombic crystals which probably contained 
solvent. When viewed under the microscope, it melted at about 215° 
and then solidified as small platelets which melted again at 242-244°. 
It was dried at 110° and 0.2 mm. pressure. The ultraviolet absorption 
spectrum of the compound is shown in Fig. 1. 


la]B = +119° (c = 1.19 in chloroform) 
CxHwO.N. Calculated, C 78.78, H 10.05; found, C 78.70, H 9.95 


When this substance was refluxed in methanolic alkali for 2 hours, it was 
recovered unchanged. 

Disemicarbazone—The procedure of Dutcher and Wintersteiner was 
closely followed (10). A solution of 500 mg. of the above diketodihydro 
derivative in benzene was evaporated to dryness in vacuo to remove any 
solvent of crystallization. 500 mg. of semicarbazide hydrochloride dis- 
solved in 1.5 ml. of H,O were treated with a solution of 500 mg. of potas- 
sium acetate in 5 ml. of absolute alcohol. The filtrate from KCl was 
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added to the above diketodihydro derivative dissolved in 10 ml. of pyri- 
dine and 8 ml. of absolute alcohol. After the addition of 5 ml. of water, 
the mixture was gently warmed on the steam bath for a half hour and 3 
mil. of chloroform were then added to dissolve the precipitated solid. 
After standing for 70 hours, the mixture was poured into 200 ml. of H,O 
and extracted with chloroform. When the crude chloroform residue was 
thoroughly washed with ether and dried, 540 mg. of a slightly colored 
amorphous substance were obtained. It began to discolor at about 260° 
and charred completely at 300°. When this was directly analyzed with- 
out further purification, the nitrogen value was low, a result obtained in 
four runs. Satisfactory figures resulted only when the material was dis- 
solved in hot alcohol-water and allowed to separate slowly by gradual 
cooling. About half of the material was lost in this purification. 


Calculated. C 66.25, H 9.01, N 18.65 
Found. 66.10, 9.16, 18.30 


Wolff-Kishner Reduction of Disemicarbazone—A mixture of 0.25 gm. 
of sodium dissolved in 7 ml. of absolute ethanol and 280 mg. of the disemi- 
carbazone was heated in a bomb tube for 8 hours at 200° + 10°. The con- 
tents of the tube were poured into 100 ml. of water and extracted with 
ether. Difficulty was encountered because of emulsification. Subse- 
quent extraction with chloroform proved less troublesome. After removal 
of the solvents, the material in each case was crystallized from acetone. 
From the mother liquor of each fraction a small amount of substance 
which melted at 272—274° was obtained, but it was not investigated fur- 
ther. Since the main fractions were not homogeneous, they were re- 
combined (65 mg.) and chromatographed through 3 gm. of alumina. 
Elution with benzene yielded in succession two components, a low melt- 
ing fraction (28 mg.) and a higher melting one (37 mg.). The latter, 
when recrystallized twice from acetone, formed long needles, which melted 
at 218-220° and showed no depression when mixed with authentic solani- 
danol-(38). 

lal? = +31° (c = 0.70 in chloroform); [a], = +28.2° (+4°) was re- 
ported by Prelog and Szpilfogel (9) for solanidanol-(38). 

CyHgON. Caleulated, C 81.14, H 11.35; found, C 81.20, H 11.20 


The above low melting fraction crystallized as rosettes of needles from 
% per cent ethanol, which melted at 164-166°.2 This substance is be- 
leved to be solanidane. Unfortunately no analysis was obtained with it. 


lalp = +36° (c = 0.43 in chloroform) 
lal) = +33.1° (42°) was reported by Prelog and Szpilfogel (9). 


*Bergel and Wagner give 163-164° (16); Dieterle and Rochelmeyer give 164-165° 
(17). 


at) 
ed 

} 

vas 
dro 
dis- 
was 


632 STRUCTURE OF RUBIJERVINE 


All analytical work was performed by Mr. D. Rigakos of this labors. 
tory. 


SUMMARY 


Rubijervine has been shown to be solanidine with an additional OH group 
by the conversion of the monoketo derivative of rubijervine into solanidine 
and by the conversion of the diketodihydro derivative of rubijervine inty 
solanidanol-(38). Possible positions for the second hydroxy] group have 
been discussed and the provisional conclusion reached that it is a 12(q). 


hydroxyl group. 
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INHIBITION OF THE ENZYMIC OXIDATION OF XANTHINE 
AND XANTHOPTERIN BY PTERIDINES* 


By B. H. J. HOFSTEE 


(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland) 


(Received for publication, January 5, 1949) 


Kalckar et al. (1) found that xanthine and xanthopterin oxidases are inhi- 
bited by certain preparations of folic acid and that this inhibition is due to 
the presence of 2-amino-4-hydroxypteridine-6-aldehyde (2). This aldehyde 
is a fission product of folic acid, from which it is formed by irradiation. In 
the present work it is shown that several other pteridines exert an inhibitory 
effect on both enzyme reactions, and studies on the mechanism of this 
inhibition are described. In the course of these investigations evidence 
that xanthine and xanthopterin oxidases are identical has accumulated. 


Methods 


Xanthine and xanthopterin oxidase activities were determined spectro- 
photometrically according to the method of Kalckar (3). The increase 
in absorption at 290 my (uric acid) and 330 my (leucopterin), respectively, 
was used as a measure of activity. Enzyme and substrate were mixed and 
subsequently were transferred into a cuvette, and within 1 to 2 minutes 
the first reading was taken. The total volume of the reaction mixture 
was 3.0 to 3.2 ml., including 1 ml. of 0.1 :« buffer of pH 7.5 or 8.5. Except 
for the enzyme, the contents of the first cuvette (reference) were the same 
as those of the second cuvette in which the enzyme reaction was followed. 
The enzyme concentration was such that a constant reaction rate was 
obtained for 10 to 20 minutes or longer, depending on the amount of 
substrate present. The actual amount of xanthine or of xanthopterin 
oxidized, when necessary, was calculated from the AEF. and AE3~ values 
corresponding to the buffer used (see the next section). 


EXPERIMENTAL 


Preparations—Xanthine oxidase was used, prepared from cream accord- 
ing to the method of Ball (4), except that the last purification step in this 
procedure was omitted (enzyme 1). Another xanthine oxidase preparation 
was also used; this was prepared by the complete Ball procedure and sub- 

* This research was supported (in part) by a grant from the Division of Research 


Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service. 
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sequent adsorption on an alumina column and elution with sodium pyro. 
phosphate buffer, 0.1 m of pH 8.5 (enzyme II). Xanthopterin oxidag 
was prepared from whey, according to Kalckar and Klenow (5). The 
fraction precipitating between 25 and 38 per cent ammonium sulfate 
saturation was dissolved in sodium pyrophosphate buffer (approximately 
0.01 m), pH 8.5, without any further purification (enzyme III). Thi 
preparation gave vigorous gas development with H.O., a finding tha. 
indicates the presence of catalase. Manthine (Fisher), after being dissolved 
in alkali, was precipitated with acid, and the washed product, after m. 
crystallization from boiling water, was dried over sulfuric acid. Xanthop. | 
terin (2-amino-4 ,6-dihydroxypteridine (Lederle)) was recrystallized from 
boiling water and then was dried over sulfuric acid. 

The following compounds were used as inhibitors:! 7-OH-pterin (iso. , 
xanthopterin), 7-COOH-6-OH-pterin, 7-CH;-6-OH-pterin, 6-CH)-7-0H. 
pterin, 6,7-dimethylpterin, 2,4-diamino-6 ,7-dihydroxypteridine, and 2,4. 
diamino-6 ,7-dimethylpteridine were kindly furnished by Dr. George 
Hitchings of the Wellcome Research Laboratories. 6-COQOH-pterin was 
supplied by Dr. J. J. Pfiffner of Parke, Davis and Company, 6,7-dihy. 
droxypterin (leucopterin) by Dr. L. D. Wright of Sharp and Dohme, and 
folvite (folic acid, commercial grade), purified folic acid, 4-aminopteroy!- 
glutamic acid (“aminopterin’’), and 6-‘‘formyl’’-pterin (pterin-6-aldehyde) 
by the Lederle Laboratories Division or the Caleo Chemical Division of © 
the American Cyanamid Company, through the courtesy of Dr. T. H. 
Jukes. All the compounds were dissolved in a drop of alkali; this was 
diluted to give a concentration of 2 X 10-* m and the solution was stored 
in the refrigerator. 

AE. (Xanthine) and AE; (Xanthopterin)—Kalckar (3) found that the 
oxidation to uric acid of 1 y of xanthine per ml., in a glycylglycine buffer 
of pH 7.5, causes an increase in absorption (£; em.) of 0.066 at 290 mz 
We found the same value when using a glycylglycine buffer. In a phos- 
phate buffer of pH 7.5, however, this value was 0.056. ‘This difference is _ 
due to the fact that uric acid absorbs to a somewhat greater degree ina | 


‘To avoid the too frequent use of the cumbersome term, 2-amino-4-hydroxy- 
pteridine, this is referred to as “‘pterin.’’ Throughout this paper the following 
numbering system of the pteridine ring system has been used: 


HC, iN 
A 
N 


H | 
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glycylglycine buffer of pH 7.5 than in a phosphate buffer of the same 
pH, while the absorption of xanthine is considerably lower. ‘This is caused, 
apparently, by an interaction with the buffer. 
In a pyrophosphate buffer of pH 8.5, we found a AXo value for xanthine 
of 0.047, and in a glycylglycine buffer of pH 8.5 it was approximately 
0.054. The AZ; em. (330 mz) for xanthopterin (1 y per ml.) was estimated 
as 0.037 in a pyrophosphate buffer of pH 8.5 as well as in a glycylglycine 
buffer of the same pH, while at pH 7.5, and in both types of buffers used, 
this value was approximately 0.031, as was found by Kalckar and Klenow 
1). 
, eras t em. Values, expressed on a molar basis, were as follows: 


Glycyl- | Glycyl- 


Pyro- 
om. per per ml. | phosphate, glycine, | glycine, 
20 mg (xanthine)... 8.51 7.14 10.05 | 8.21 
330 “ (xanthopterin)...... 5.55 6.63 | 5.55 6.63 


Influence of Substrate Concentration and pH on Reaction Rate—Each 
enzyme preparation showed xanthine oxidase activity as well as xanthop- 
terin oxidase activity. At lower substrate concentrations, however, and 
depending on the pH, the reaction rate for the oxidation of xanthine was 
as much as 25 times as high as for xanthopterin. Thus, to obtain a measur- 
able activity for the oxidation of xanthopterin, the enzyme had to be 
present in a concentration 10 to 20 times that required for xanthine. 
The reaction rate at room temperature was maximum at a substrate con- 
centration of about 6 X 10~-° m for xanthine as well as for xanthopterin 
and at both pH values used. Under the experimental conditions, there- 
fore, the enzyme was “saturated”’ with substrate. At pH 7.5, higher 
substrate concentrations tend to decrease the reaction rate. This inhibi- 
tion does not occur at pH 8.5, at concentrations up to 10- a. 

No efforts were made to determine the precise Michaelis constants, 
since this involves the measurement of reaction rates less than maximum. 
Such rates cannot be measured very accurately at substrate concen- 
trations of about 10-° m and lower, even with this method. It appears, 
however, that these constants are of the order of magnitude of 10~*, with 
the exception of that of xanthine at pH 8.5, which seems to be higher. 
From the data available it appeared also that the K,, for xanthopterin 
was smaller than for xanthine at both pH values. 

At a substrate concentration of 6.6 X 10-* m and at pH 8.5, the rate of 
oxidation of xanthine is approximately 1.6 times the rate at pH 7.5, while 
in the case of xanthopterin (same concentration) the rate at pH 8.5 was 
found to be slightly lower than at pH 7.5. 
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Inhibition of Xanthine Oxidase by Pteridines—This inhibition was meas. 
ured by determining the activity of a sample of the enzyme as described 
above and by comparing this with the reaction rate in a third cuvette 
having the same contents as the second, except that a certain amount of 
inhibitor was present in the same volume. From these data the per. 
centage inhibition was calculated. Changes or differences in inhibitory 
power were measured in the fourth cuvette. In the concentrations 
used, and at the wave-lengths at which the measurements were carried 


out, the contribution of the inhibitors to the absorption was of no practical _ 


consequence. 


All simple pteridines tested inhibit xanthine oxidase to some degree. — 


Xanthopterin, for instance, inhibits the oxidation of xanthine, while it can 


be used as a substrate for the enzyme preparation at the same time. Dur. , 


ing the time of measurement, however, and with the amount of enzyme 
used for determining xanthine oxidase activity, the amount of xanthop- 
terin oxidized is almost negligible. Kalckar and Klenow (5) found that 
the inhibitory power of pterin-6-aldehyde greatly decreased upon previous 
treatment with a similar enzyme preparation. Presumably the situation 


for this inhibitor is comparable to that with xanthopterin. The pterin- 


aldehyde is converted by the enzyme preparation to a substance with a 
much weaker inhibitory power, and xanthopterin is oxidized to leucopterin, 


which has a weaker inhibitory effect on xanthine oxidase (Table Il). 


The rate of these conversions is much slower than the rate of oxidation 
of xanthine with the same amount of enzyme preparation. These con- 
siderations led to the treatment of the other inhibitors with an excess of 
enzyme during a long time interval. This treatment was carried out as 
follows. A sample of each inhibitor was incubated at 38° for 20 hour 
with and without the enzyme at pH 8.5 (enzyme III); then the tubes 
were heated for 5 to 10 minutes at 100°. After cooling to room tempera- 
ture, approximately one-tenth of the original amount of enzyme was 
added and the inhibition was measured, as described above, with xanthine 
as substrate. The results of these experiments are recorded in Table I. 

The inhibitory power of a commercial grade of pteroylglutamic (folic) 
acid (folvite) does not disappear completely following treatment with the 
enzyme, nor does that of the 6-aldehyde. Highly purified samples of 
pteroylglutamic acid and of the corresponding 4-amino compound 
(“aminopterin”’), on the other hand, do not show any inhibition after such 
treatment. Kalckar and coworkers (5) have observed that no change in 
the absorption spectrum of folic acid occurred during treatment with the 
enzyme; nor was there any change in the growth-promoting effect on 
Lactobacillus casei and Streptococcus faecalis R. For “aminopterin,” 
as well, we found no change in the absorption spectrum. Thus, the disap- 
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pearance of the inhibition presumably is due only to an enzymic modifica- 


tion of an impurity (the 6-aldehyde), the latter being present in a quantity 
too small to affect the absorption spectrum. The inhibitory power of 
the aldehyde is in the order of magnitude of 100 times higher than that 
of xanthopterin (Table II). Under the conditions given in Table I, before 
treatment, purified pteroylglutamic acid and “aminopterin” have about 
the same inhibitory effect as xanthopterin, which indicates that only very 


TaBLe I 
Inhibition of Oxidation of Xanthine by Pteridines 
Influence of incubation of the inhibitors with the crude enzyme at 38°. 


Per cent inhibition after 
Peeridine | time ot 
reaction | incubation ~~ 
mixture Without With 
| enzyme enzyme 
hrs. | 
20 71 0 
| 2.3 20 72 0 
| 3.3 20 100 82 
Xanthopterin.............. | 3.3 20 72 23 
Isoxanthopterin...... ak | 6.6 20 95 93 
§ 20 62 62 
6-COOH-isoxanthopterin................... 20 23 
20 91 89 
6-CH;-isoxanthopterin..................... 20 89 85 
| §.8 20 15 4it 
| 3.2 20 34 26 
2,4-Diamino-6 ,7-dihydroxypteridine 4 20 76 56 


* Substrate concentration 6.3 X< 10-8 M, pH 8. 5. 
t Inconsistent. 


little of the aldehyde is present. ‘This amount is apparently too small 
to give a measurable inhibition after it has been altered by the enzyme 
treatment. It is unlikely that the remaining inhibition caused by folvite 
is caused by the altered aldehyde, since in that case it would be necessary 
to postulate the presence of an unreasonably high percentage of this 
compound. It is not impossible, therefore, that folvite contains another 
inhibitory substance in addition to the 6-aldehyde. The decrease in the 
inhibitory effect of pteroic acid following enzyme treatment also can be 
accounted for on the basis of the same 6-aldehyde. 
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Compounds which gave an appreciable decrease in inhibition following 
incubation with the enzyme preparation, but in which the presence of the 
6§-aldehyde is not so readily postulated, are 2-amino-4-hydroxy-6 7. 
dihydroxypteridine (leucopterin) and 2,4-diamino-6 ,7-dihydroxypteridine. 
Also xanthopterin, after treatment with the enzyme, has a lower inhibitory 
power than the corresponding amount of leucopterin. 6-Carboxypterin 
and 6-carboxy-7-hydroxypterin, on the other hand, often showed ap 
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Influence of Ratio of Concentration of Substrate to Inhibitor on Inhibition of 
Oxidation* of Xanthine (Xt) and of Xanthopterin (Xtp) by Pteridines 


The results are expressed in per cent. 


| | Molarity inhibitor 
6.6 X 3.3% 104 1.3% 104% 3.3% 104 33% 10% 104 | 
Inhibitor | Substrate | 
| Ratio, molarity, substrate to inhibitor 
| o |; | 
Xanthopterin Xt v1 59 40 
Isoxanthop- i 96 . 91 S4 63 
terin Xtp O4 16 
Leucopterin | Xe 60 34 19 3 
13 0 
7-CH;-xanthop- Xt 92 75 
7-COOH-xan- Xt SS 64 52 
thopterin Xtp 15 
6,7-Di-CH:;- | Xt 58 45 15 7 
6-CH;-isoxan- Xt 81 733 | 
thopterin 24 | | 
Pterin-6-alde- Xt 100 6 | 
hyde Xtp 100 | 8 
*pH 85 


increase in inhibitory power. The results with these two compounds were 
rather inconsistent, but this was not due to extreme lability. Old solu- 
tions of the compounds that had been standing for months in the refrigera- 
tor, during which time they had been exposed frequently to indirect light 
for several minutes, showed practically the same inhibitory effect a3 4 
freshly prepared solution, when this was determined under exactly the 
same conditions. As yet, no explanation can be given for the exceptional 
behavior of the two 6 ,7-dihydroxy and the two 6-carboxy compounds when 
treated with the crude enzyme preparation. 
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The inhibitory power of the remaining compounds in Table I was prac- 
tically unchanged on incubation with an excess of the enzyme preparation 
and is characteristic for each of the pteridines. Under controlled condi- 
tions it can be used as a physical constant for identification. Therefore, 
these compounds were preferred for use in further experiments. 

Inhibition of Xanthopterin Oxidase by Pteridines—For experiments on 
xanthopterin oxidase, the same enzyme preparations were used as for 
those on xanthine oxidase, but in a 10 to 20 times larger amount. In all 
other respects measurements of the inhibition were carried out in the 
same manner as for xanthine oxidase. It was found (Table II) that in 
general the same compounds which inhibit the oxidation of xanthine also 
inhibit xanthopterin oxidase, although to a much lower degree at the same 
pH and the same molar concentration of substrate and inhibitor. Those 
compounds which showed the weakest inhibition for xanthine oxidase 
did not manifest any inhibition in this case under certain conditions of 
pH and substrate concentration. Since it was found (see previous section) 
that xanthopterin inhibits the oxidation of xanthine, the possibility of an 
inhibition of xanthopterin oxidase by xanthine was investigated. The 
increase in absorption at 330 my in a cuvette containing 6.6 XK 10> mu 
xanthopterin was compared with the increase in a cuvette to which xan- 
thine also was added in the same concentration. Because of the larger 
amount of enzyme used for determining xanthopterin oxidase activity, 
this amount of xanthine would normally have been oxidized during a 
fraction of the time of measurement if no xanthopterin were present. 
Under these circumstances, however, this reaction is inhibited to about 
percent. The rate of oxidation of xanthopterin was found to be slightly 
(not more than 10 per cent) lower than in the control. It was also lower 
than the rate in a cuvette in which the enzyme had been given time to 
oxidize the xanthine before xanthopterin was added, indicating that 
xanthine has a slight inhibitory effect on xanthopterin oxidase, but uric 
acid has none under the conditions of the experiment (see “‘Discussion’’). 

Influence of Substrate Concentration and pH on Inhibition—Table II 
shows that the extent of inhibition is entirely dependent on the substrate 
concentration. At a definite pH and concentration of the inhibitor, the 
degree of inhibition decreases as the concentration of the substrate in- 
creases. In some cases,.when the xanthopterin oxidase activity was 
measured, no inhibition was observed if, on a molar basis, 10 times as 
much substrate as inhibitor was present. 

The inhibitory power also is strongly influenced by the pH. Isoxanthop- 
tern and most of the other inhibitors inhibit more strongly at pH 8.5 
than at pH 7.5, while 7-COOH-xanthopterin inhibits more strongly at the 
lower pH (see “Discussion’”’). Some of the data on the influence of the 
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pH on the inhibition (per cent) are given below. These data were ob. 
tained with a substrate (xanthine) concentration of 6.6 X 10-* M, while 
the inhibitor was present in a concentration of 3.3 X 107° Mm. 


Isoxanthopterin 7-COOH-xanthopterin 


pH 7.5 
58 


pH 8.5 pH 7.5 pH 8.5 
91 | 74 64 


| 


Changes in the pH had the same relative effect on the extent of inhibition 
when xanthopterin was used as the substrate. 

Evidence for Identity of Xanthine and Xanthopterin Oxidases—As men. 
tioned above, all enzyme preparations, whether derived from cream or 
whey and including the most purified (enzyme II), exhibit xanthopterin 
oxidase as well as xanthine oxidase activity. When the activity of dif. 
ferent preparations was determined under the same conditions of pH 
and substrate concentration, the ratio of xanthine to xanthopterin oxidase 
activity (expressed as moles oxidized by a certain amount of enzyme per 
unit time) was practically the same. At low substrate concentrations 
this ratio tended to be higher in less purified preparations. By using 
the enzyme in low concentration and increasing the amount of substrate, 
this ratio could be brought back to approximately that of the more purified 
preparations. This procedure makes the influence of impurities on the 
two reactions more comparable, since in the case of xanthopterin 20 times 
as much enzyme are used as when xanthine is the substrate. The value 
of the ratio evidently depends on the pH, since the two activities are in- 
fluenced differently by the pH. For instance, at pH 8.5 and a substrate 
concentration of 6.4 K 10-° M, this value is 20 to 25, while, at pH 7.5 and 
a substrate concentration of 1.6 X 10-* M, it is only about 10. 

Partial heat inactivation of enzyme I or of enzyme III by heating 4 
minutes at 60° decreased both activities 30 to 35 per cent. 

When enzyme I is treated with H,O, in 10-* m concentration for 15 min- 
utes at room temperature before the dilutions for measuring the activities 
are made, the activity is decreased in both cases to about 30 per cent. 

The pteridines used inhibit xanthopterin oxidase as well as xanthine 
oxidase activity. At the same pH the sequence of inhibitory power is 
independent of the substrate used (Table II), although the extent of 


2 No definite conclusions could be drawn from experiments on the inactivation 
by HCN (6, 7) and by p-chloromercuribenzoate, on account of the interaction of 
these compounds with the substrates. For instance, a solution of xanthopteris 
formed a yellow color when treated with HCN, and at higher concentrations  red- 
dish precipitate settled. Glutathione “inhibits” the oxidation of xanthopteria, 
presumably because it reduces this compound to dihydroxanthopterin (8). 
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inhibition of the oxidation of xanthopterin is always lower than in the 
ease of xanthine (see ‘“‘Discussion”). Leucopterin is an exception in this 
sequence, since it has a relatively higher inhibitory effect on the oxidation 
of xanthopterin. Leucopterin, however, takes part in the enzymic reac- 
tion only when xanthopterin is the substrate. Therefore, its inhibition 
of the oxidation of xanthopterin cannot be compared to its inhibition 
of the oxidation of xanthine. Although in the control cuvette to which 
no inhibitor is added as much leucopterin is formed as in the case of the 
other inhibitors of the oxidation of xanthopterin, no decrease in reaction 
rate was Observed during the time of measurement of uninhibited xanthop- 
terin oxidase activity; this indicates that the amount of leucopterin formed 
was apparently too small to cause a significant inhibition. This small 
amount, nevertheless, may exert a measurable influence if leucopterin has 
been added to the reaction mixture previously, since the inhibition by 
leucopterin increases rapidly with its concentration (see Table II). Other 
inhibitors cannot influence the inhibitory effect of leucopterin formed dur- 
ing the reaction, since they do not participate in the equilibrium of leucop- 
terin with the enzyme. 


DISCUSSION 


The fact that under all experimental conditions the extent of inhibition 
is influenced by the substrate concentration (Table II) indicates that this 
inhibition is brought about by competition between the pteridines and 
the substrate for combination with the active centers on the enzyme 
molecule. This may be due to similarity in structure of the purine and the 
pteridine ring system. The degree of inhibition, therefore, would be de- 
pendent upon the relative affinity of the substrate and of the inhibitor for 
theenzyme. On the basis of the evidence for the identity of xanthine and 
xanthopterin oxidases and in view of the fact that xanthopterin inhibits 
the oxidation of xanthine to 90 per cent when present in equimolar con- 
centration (Table IL), it would follow that 90 per cent of the active centers 
of the enzyme will be occupied by xanthopterin and 10 per cent by xanthine. 
Xanthine, therefore, would inhibit the oxidation of xanthopterin to 10 per 
ent, which is in agreement with the results obtained experimentally. 
Also, the fact that the inhibitory power of all the inhibitors at both pH 
values is lower when xanthopterin is used as the substrate than in the case 
df xanthine merely indicates that xanthopterin has a higher affinity for 
the enzyme than has xanthine at pH 7.5, as well as at pH 8.5, and, there- 
fore, is more diffi u't to displace by the inhibitor than is xanthine. 

All the pteridines in Table II inhibit the oxidation of xanthine to more 
than 50 per cent in equimolar concentration and, therefore, have a greater 
ifiinity for the enzyme than xanthine. Most of these compounds are 


| 

in- 
rate 
and 
ng 4 
ities 
t. 
or is 
t of 
tion 
on of 
terin 
red- 


642 XANTHINE AND XANTHOPTERIN 


not attacked by the enzyme and the ones that are oxidized (xanthopterin 
and possibly the 6-aldehyde) show a much lower rate of oxidation than 
xanthine. The affinity for the enzyme, therefore, does not seem to be 
determined in the first place by groupings in the molecule that can be 
attacked. The first factor determining such affinity is probably the 
general shape of the molecule. The only pterins tested which did not 
inhibit the enzyme, in concentrations at which the other compounds showed 
strong inhibition, were folic acid and its 4-amino analogue, ‘“aminopterin.” 
The long side chain of these compounds apparently alters the properties of 
the molecule to such an extent that it no longer “‘fits’”’ into the particular 
pattern on the surface of the enzyme molecule. 

On the other hand, the affinity for the enzyme at a definite pH is not 
the first factor determining which substrate will be attacked at the highest 
rate. Although the affinity of xanthopterin for the enzyme is higher 
than that of xanthine, still xanthine is oxidized at a rate up to 25 times 
as high as xanthopterin. Apparently the inherent tendency of xanthine 
to be oxidized to uric acid is higher than that of xanthopterin to be oxidized 
to leucopterin, and the enzyme as a catalyst merely increases the rate of a 
reaction which potentially could take place without the enzyme. 

Xanthine has a higher affinity for the enzyme at pH 7.5 than at 8.5; 
nevertheless it is oxidized at a higher rate at pH 8.5. On the basis of the 
same reasoning, this would mean that the oxidation of xanthine to uric 
acid, also non-enzymically, would proceed more readily at pH 8.5 than at 
pH 7.5. 

In cases in which no alteration of the general shape of the molecu! 
exists, differences in inhibitory power of the pteridines must be caused 
by other factors which influence the affinity for the enzyme. 

All pteridines used are amphoteric to a greater or lesser extent (8), but 
significant differences in their respective pK, and pK, values are demon- 
strable. Unfortunately, very little is known about such values, although 
it has been established, for instance, that isoxanthopterin is significantly 
less basic than xanthopterin, while leucopterin is predominantly acid.’ 
In view of the fact that the inhibitory power of the pteridines is strongly 
influenced by the pH, the possibility arises that the affinity for the enzyme 
and, therefore, the inhibitory power of the compound is determined to 4 
great extent by such pK values. At a certain pH the acid and basic groups 
of one pteridine will be ionized to a different degree from those of another. 
By assuming that combination with the enzyme takes place by means of 
such acid and basic groups in the pteridines combining with basic and 

* Determination of such values was attempted with some of the compounds of 
which the quantity available permitted establishing a titration curve. Low solu: 


bility, however, especially at the lower pH values, interfered with obtaining accurate 
results. 
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acid groups in the protein, it would be clear that the stability of such com- 
bination would depend entirely on the relative pK values of the four 
groups involved. 

Significant in this respect may be the finding that, when the 4-OH group 
in leucopterin is replaced by an amino group, a compound is obtained which 
has a higher inhibitory power than leucopterin (at pH 8.5). Such sub- 
stitution would make the acid and basic groups of leucopterin more bal- 
anced. On the other hand, when the same substitution is made in the 
corresponding 6,7-dimethylpterin, the inhibitory power decreases, pre- 
sumably because almost no acidity is left after such substitution. 

This enzyme, with its variety of substrates and inhibitors, seems to be 
especially suited for studies on interactions of all these compounds with 
the enzyme as a protein. Relatively small differences in affinity for the 
enzyme can be measured accurately and such studies might give information 
as to the configuration of groupings on the protein as well as to the mecha- 
nism of the enzyme reaction. 


The author is deeply indebted to Dr. A. D. Welch for his constant 
interest during the course of this investigation. 


SUMMARY 


1. The inhibition of the enzymic oxidation of xanthine and xanthopterin 
by several pteridines has been investigated. 

2. The results of these experiments together with many other points 
of evidence indicate that these oxidations are brought about by the same 
enzyme. 

3. The inhibition is caused by competition of the pteridines with the 
substrate for combining with the enzyme. 

4. The presence of a group which can be oxidized by the enzyme is not 
the first factor determining the affinity of the pteridine for the enzyme. 

5. The extent of inhibition is greatly influenced by the pH, and the 
possibility of a correlation between pK values and inhibitory power has 
been discussed. 
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THERMAL COAGULATION OF SERUM PROTEINS 


|. THE EFFECTS OF IODOACETATE, IODOACETAMIDE, AND THIOL 
COMPOUNDS ON COAGULATION® 


By CHARLES HUGGINS ann ELWOOD V. JENSEN 
(From the Departments of Surgery and Chemistry, University of Chicago, Chicago) 
(Received for publication, December 13, 1948) 


In the course of studies of the effect of heat on the proteins of human 
serum it was observed that, at pH 7.4, minute amounts of sodium iodo- 
acetate completely prevented thermal coagulation, while traces of mercap- 
tans markedly enhanced the coagulation. The present paper is an analysis 
of these observations. 

The thermal coagulation of a protein, such as egg albumin, has been 
postulated (1) to consist of two processes, the denaturation reaction be- 
tween the protein and hot water, followed by the agglutination of the 
altered protein in particulate form. From x-ray diffraction studies (2) it 
has been demonstrated that denaturation of proteins involves liberation or 
generation of peptide chains which aggregate on coagulation into parallel 
bundles. ‘This over-all physical change is affected by many factors includ- 
ing pH (3, 4) and the concentration (5) and nature (6, 7) of electrolytes in 
the solution. 

A number of substances prevent thermal coagulation of proteins, such 
as concentrated thiocyanate and iodide (6), germanin (8), certain sugars 
in concentrated solution (9, 10), thymus nucleate (11), and certain fatty 
acids and detergents (12, 13). However, the only agents which inhibit 
coagulation in the low concentration range in which iodoacetate is active 
are detergents and thymus nucleate, and the inhibitory effect of the latter 
substance, unlike that of iodoacetate, is abolished by relatively low con- 
centrations of sodium chloride (11). 

Because of implications in pathology (14) most of the experiments de- 
scribed in this paper were carried out with normal human serum in order to 
secure data on this intact system. However, the principal effects were 
also observed when solutions of crystallized bovine plasma albumin, erys- 
tallized egg albumin, and human serum albumin were employed; pre- 
liminary experiments with these simpler systems, which bear on the mech- 
anism of the phenomenon, are included. 


* This investigation was aided by grants from Mr. Ben May, Mobile, Alabama, 
from the Daisy Schwimmer Fund, and from the American Cancer Society, recom- 
mended by the Committee on Growth of the National Research Council. 
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EXPERIMENTAL 
Method 


Unless otherwise stated, results refer to the standard coagulation test 
wherein serum or protein solution was diluted to a final volume of 1.5 ml. 
with M/15 phosphate buffer (pH 7.4) and the mixture heated in a Kahn 
tube (1.2 X 10 cm.) immersed in a bath of vigorously boiling water. Sub. 
stances whose effect on coagulation were to be tested were brought to pH 
7.4 (phenolsulfonephthalein indicator) with 1 N sodium hydroxide or hydro- 
chloric acid and then dissolved in appropriate concentration in the phos- 
phate buffer. The time of coagulation and the physical state at the end 
of testing were noted. Coagulation was defined as solidification (clot) or 
as a viscous liquid condition (gel) as contrasted with more fluid states. All 
solutions were freshly prepared before use and organic chemicals were re- 
crystallized before being tested. pH was determined with a glass electrode 
on duplicate samples; the values are expressed as obtained at room tem- 
perature. 

Pooled human serum, filtered to remove cells and coagula, was used. 
All of the serum pools contained 32.5 to 35.5 mg. of total protein per 0.5 ml. 
as determined by standard Kjeldahl methods. The serum was ‘‘standard- 
ized”’ against iodoacetate; standard serum was defined as that which, in 
the test described, coagulated in the presence of 3 to 4.5 um of iodoacetate 
but remained liquid when 6 um or more of iodoacetate were present. Sub- 
standard serum was never obtained from healthy individuals. Standard 
serum in the control tubes always coagulated in 10 to 12 minutes. 

In certain experiments, crystallized bovine plasma albumin (Armour) 
was dissolved in 0.15 n sodium chloride and brought to pH 7.4 with a few 
drops of dilute sodium hydroxide; 0.5 ml. contained 35 mg. of albumin. 
Human serum albumin, prepared by the method of Pillemer and Hutchin- 
son (15), was similarly employed in concentrations of 44 mg. per 0.5 ml. 
Crystalline egg albumin (Armour) was dissolved in phosphate buffer (pH 
7.4); 0.5 ml. contained 100 mg. 


Results 
Effects of pH on Thermal Coagulation of Serum 


Practically all the experiments reported in this paper were carried out 
at pH 7.4. When systems of serum diluted 1:3 with buffer solution are 
heated, opaque firm clots form if the pH is between 6.6 and 8.1. At pH 
4.7 to 6.4 a flocculent curdy precipitate is formed without the appearance 
of a solid clot. At pH 3.4 to 4.1 translucent clots are formed, the clot 
being less firm in a system whose pH is below 3.8. At pH 1.7 and at pH 
10.0 no coagulation occurs. 
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Inhibition of Coagulation by Halogenated Acetates 
At pH 3.4 and 5.4, iodoacetic acid in amounts up to 60 um per 0.5 ml. of 
serum had no effect on the thermal coagulation of serum, a translucent clot 
forming in the former case and a curdy precipitate in the latter. At pH 
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Fic. 1. Rates of reaction of iodoacetate at 98°. The ordinates represent milli- 
equivalents of sodium hydroxide required to keep the reaction at pH 7 to 8. The 
curves represent the reaction as follows: Curve A, iodoacetate (10 m.eq.) and cysteine 
(5m.eq.); Curve B, iodoacetate (5 m.eq.) and cysteine (5 m.eq.); Curve C, iodoacetate 
and aminoacetate (each 5 m.eq.); Curve D, iodoacetate (10 m.eq.). The curve for 
the reaction of iodoacetamide (10 m.eq.) with cysteine (5 m.eq.) is practically identi- 


eal with Curve A. * signifies a negative nitroprusside test for —SH; A, a positive 
test. 


7.4 the results were quite different in that small amounts of iodoacetate' 
completely prevented coagulation. 

In the standard test, coagulation of serum occurred in the presence of 
3 uM of iodoacetate but was abolished by 6 to 60 um (Table I); the latter 
tubes were boiled for more than 2 hours without solidification or gel forma- 


‘A solution of iodoacetic xcid neutralized with sodium hydroxide and dissolved 
in phosphate buffer (pH 7.4) will be referred to throughout this paper as iodoacetate. 


4 
* 
* 
j 
Me 
> 
| 
J 
a 
| 
; 
F 
k 


648 SERUM PROTEINS. I 


tion. With small amounts of iodoacetate (6 to 12 uM) a little turbidity was 
usually present, while with larger amounts the liquid remained clear. 
With increasing electrolyte concentrations, increasing amounts of jodo.- 
acetate were required to prevent coagulation. For example, when 1500 
um of sodium chloride were added in the coagulation test, complete inhibi- 
tion required 125 um of iodoacetate. Potassium chloride and sodium ace. 
tate had the same effect quantitatively as sodium chloride. 

The ability of other halogenated acetates to inhibit coagulation was com- 
pared under similar conditions. In the standard test, the following 


TABLe I 
Effect of Mercaptans and Iodinated Compounds on Serum Coagulation 


0.5 ml. of serum plus reagent in 1.0 ml. of m/15 phosphate buffer (pH 7.4) wag 
heated at 100°. 


Micromoles of added compound 
Compound added 0 3] 6 | 9 | as | | 
Time of coagulation 
bein te min. min. min. min. min. | min. | min. | min. | min 
Cysteine.......... 11 10/8.5 6) 5 4 
2,3-Dimercaptopropanol...\11 1 | 0.5, 0.5 
Propyl mercaptan.... .... 11 | 
Sodium sulfhydrate _. | 4 | 
Iodoacetate ....... 111 (30 No | No | No | No | No 
clot | clot , clot | clot | clot 
Methyl iodoacetate....... 10 7 | 7 3 
B-lodopropionate _ | 24 | 4 
Allyl iodide............... 10 9 | | 


amounts of inhibitor were required to prevent coagulation completely: 
iodoacetate 6 uM, bromoacetate 12 um, chloroacetate 30 ym. Fluoro- 
acetate did not inhibit heat coagulation of serum. 

Iodoacetate prevents the thermal coagulation of solutions of crystallized 
proteins in a manner quite similar to its effect on whole serum. When 4 
solution of human serum albumin or crystallized bovine plasma albumin 
was used, replacing serum in the standard test, dense coagula formed in 
presence of 1 to 3 um of iodoacetate; larger amounts completely prevented 
coagulation and opacity. A 20 per cent solution of crystalline egg albumin 
coagulated in the presence of 3 to 18 um of iodoacetate; 30 um completely 
prevented coagulation and turbidity formation, 
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The time required for iodoacetate to react with the serum protein was 
studied by means of the ‘‘quenching”’ action of an excess amount of cys- 
teine. ‘The reaction between thiol compounds and iodoacetate (Fig. 1) 
at 100° and pH 7.4 is extremely rapid;* so that addition, at any time, of 
an excess of cysteine blocks any further action of iodoacetate on the pro- 
tein. A set of tubes containing serum, buffer, and iodoacetate sufficient 
to prevent clotting completely was heated at 100° and an excess of cys- 
teine added to the different tubes at varying time intervals. The results, 
given in Table II, show that, at the concentrations employed, the reac- 
tion of iodoacetate with serum to prevent coagulation requires about 15 
minutes and that, when once this reaction has occurred, cysteine is un- 
able to reverse it. 


TaB_e II 


Rate of Reaction of lodoacetate with Active Groups in Serum 
Tubes containing serum (0.4 ml.) plus iodoacetate (15 um) in phosphate buffer 
(0.6 ml.), pH 7.4, were immersed in a bath held at 100°. Cysteine (30 um) in buffer 
(0.5 ml.) was added after various intervals and the time of coagulation was recorded. 


Time of adding cysteine | Time of anes peg cysteine 
| min 


The reaction of iodoacetate with serum proteins can take place to a con- 
siderable extent with native proteins at room temperature. Serum was 
treated with iodoacetate (60 um per 0.5 ml. of serum) at room temperature, 
and, after 24 hours, the excess iodoacetate was removed by dialysis. This 
treated serum showed a greatly decreased ability to coagulate as compared 
to control serum treated in an analogous manner with sodium acetate. 
The inhibition was not due merely to adsorbed iodoacetate which dialysis 
failed to remove, since addition of cysteine in the coagulation test of the 
iodoacetate-treated serum did not abolish the inhibition. 


* At 98° and pH 7 to 8, 0.2 m iodoacetate was found to react completely with the 
sulfhydryl groups of 0.1 M cysteine in less than 1 minute; the reaction with the amino 
groups occurred much more slowly, being complete in about 30 minutes (Fig. 1). 
The reaction of iodoacetamide with cysteine was entirely comparable in rate to that 
of iodoacetate. The results were obtained by measuring the liberation of acid (HI) 
and the disappearance of a positive nitroprusside test for sulfhydry] groups. 
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Although iodoacetate exerts a profound effect on thermal coagulation of 
serum proteins, it does not prevent precipitation by other means. Stand. 
ard tests containing 30 um of iodoacetate were boiled for 30 minutes; al] 
of the solutions were liquid and clear. To the various tubes there were 
then added 5 ml. respectively of acetone, 22 per cent sodium sulfate, and 
concentrated nitric acid; a copious precipitate formed in all cases. 


Effect of Other Iodinated Compounds 


In view of the remarkable inhibition of protein coagulation shown by 
iodoacetate, a number of other iodinated compounds were investigated; 


some of these resemble iodoacetate in the reactivity of the iodine atom _ 


(Table 1). In sharp contrast to iodoacetate, all of these substances were 
either inert or promoted coagulation, with the exception of 6-iodopropio- 


nate which inhibited very slightly in a narrow concentration range but — 
promoted coagulation at higher concentrations. In order to give greater 


opportunity for iodoacetamide to penetrate the protein molecule, 30 ym of 
this compound were added to the standard test and the mixture was in- 


cubated for 24 hours at 37° before being placed in the boiling water bath; _ 


the coagulation results were unaltered by this treatment. 


Similar differences in the action of iodoacetamide from that of iodoace- : 


tate were observed with solutions of crystallized bovine plasma albumin. 


Iodoacetate completely blocked coagulation, while iodoacetamide markedly _ 


enhanced the formation of a firm clot. In the presence of either agent, 
the opacity usually accompanying the heating of albumin solutions at pH 


7.4 was absent; the tube with iodoacetate contained a clear liquid, while | 


the tube with iodoacetamide contained a clear firm clot. Addition of cys- 
teine to the control tube noticeably increased the turbidity of that clot. 
These results suggest that, although iodoacetate and iodoacetamide differ 
in their effect on clot formation, they react similarly to prevent turbidity 
formation. 

Differences in the effect of iodoacetate and iodoacetamide on the thermal 
coagulation of proteins, as well as the involvement of sulfhydryl] groups in 
the formation of opacity, are shown by an experiment in which portions of 
crystalline bovine plasma albumin were first treated at room temperature 
with iodoacetate or iodoacetamide. The excess reagent was then removed 
by dialysis and the behavior of these treated proteins was studied in the 
coagulation test (Table III). Albumin previously treated with iodoace- 
tate formed neither a clot nor turbidity on heating. Albumin treated with 
iodoacetamide coagulated rapidly on heating but formed no turbidity. 
The addition of iodoacetate in the coagulation test of the iodoacetamide- 
treated protein caused some retardation of coagulation but did not abolish 
coagulation as it did in the controls. Addition of cysteine to the coagula- 
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tion tests of either the iodoacetate- or iodoacetamide-treated proteins re- 
sulted in opacity of the system. 


Enhancement of Thermal Coagulation by Thiol Compounds 


Substances containing sulfhydryl groups accelerate the coagulation of 
serum and protein solutions. Increasing amounts of cysteine up to 15 um 
per standard test markedly decreased the time of coagulation, while 2,3- 
dimercaptopropanol was even more effective (Table I). In addition to 
hastening the coagulation of serum, sulfhydryl compounds caused coagula- 


TaBLe III 
Coagulation of Iodoacetate and Iodoacetamide-Treated Albumin 


250 mg. portions of crystallized bovine plasma albumin in 5 ml. of phosphate 
buffer (pH 7.4) were treated with either 1000 um of sodium acetate or iodoacetate, or 
iodoacetamide. After standing at 4° for 48 hours the reaction mixtures were di- 
alyzed against distilled water (3 days at 4°) and lyophylized. Solutions (in 0.15 nN 
saline) of treated protein containing 35 mg. per 0.5 ml. were studied in the standard 
coagulation test. 


Added reagent in co- 


Protein used agulation test | Time for coagulation | Appearance aiter heating 
Control (acetate- None | Opaque solid 
treated) | Iodoacetate  Noclotin15 —— Clear liquid 
| Iodoacetamide | 2 | “ solid 
Cysteine = Very opaque solid 
lodoacetate - None No clot in 15 Clear liquid 
treated Todoacetamide “ “ “15 | 
Cysteine Cloudy “ 
lodoacetamicde - None 3 Clear solid 
_ Cysteine 5 _ Opaque solid 


i 


tion in concentrations of serum so dilute that clotting was not otherwise 
detectable. Cysteine (30 um) caused serum to clot when the final serum 
concentration was 10 per cent; in control tubes with sodium chloride (30 
uM) replacing cysteine, coagulation did not occur in concentrations of 
serum weaker than 20 per cent. 

The inhibition of thermal coagulation of serum by alkyl sulfonates can 
be neutralized with cysteine. Thus, in the standard test, the inhibitory 
effect of 6 um of sodium dodecyl sulfate was overcome by 1.5 uM of cysteine, 
of 12 um by 27 um of cysteine, and of 18 um by 72 uM of cysteine. 24 um 
of sodium dodecy!] sulfate inhibited coagulation regardless of the quantity 
of added cysteine. 
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Effects of Other Reagents on Thermal Coagulation of Serum 


The effects of a variety of compounds on the thermal coagulation of — 
serum were investigated. The ability to promote coagulation in low con. — 
centration is not a unique property of sulfhydryl compounds but was | 
observed with salts of heavy metals (mercuric chloride, p-chloromercuriben-. 


zoate, cuprous chloride, cadmium chloride) and iodoacetamide, compounds 
which are generally accepted as being able to combine with sulfhydryl 
groups in proteins (16). Reducing agents (hydroquinone, sodium ascor. 
bate, sodium sulfite, and sodium hydrosultite) and oxidizing agents (potas- 
sium iodate, potassium ferricyanide, potassium persulfate, potassium per- 
manganate, and cumene hydroperoxide) in general promoted coagulation 
but were somewhat less active than sulfhydryl compounds or heavy metal 
salts. Salts with no oxidizing or reducing properties were essentially inert 
in amounts up to 60 uM per standard test; at higher concentrations these 
electrolytes all promoted coagulation. Alanine, methionine, glucose, and 
urea were practically inert in low concentrations, although large amounts 
(1500 um) of the last two compounds inhibited coagulation. 

N-Bromosuccinimide, N-chlorosuccinimide, and sodium dodecyl sulfate 
strongly inhibit coagulation when present in amounts of 15 uM or more, 
although the former compounds strongly enhance coagulation when present 
in very low concentration (1.5 to 3 yuo). 


DISCUSSION 


Iodoacetate and iodoacetamide differ greatly in their effect on the coagu- 
lation of serum proteins by heat at pH 7.4; the former compound strongly 
inhibits coagulation, while the latter enhances it. However, both com- 
pounds react with serum proteins at room temperature and at 100° and 
both inhibit the formation of turbidity during the coagulation test. 
Groups in proteins which are known to react with both iodoacetate and 
iodoacetamide are amino and sulfhydryl groups (17-23); essentially no 
differences were observed in the rates of reaction of iodoacetate and iodo- 
acetamide with the model compound cysteine at 98° and pH 7.4 (Fig. 1); 
at room temperature iodoacetamide is reported to react slightly faster 
than iodoacetate (21). 


ICH,COOH — HI + RSCH,COOH 
RSH + 


ICH;,CONH, — HI + RSCH,CONH, 


ICH,COOH — HI + RNHCH,COOH — RN(CH,COOH), 


RNH, + | 
ICH,CONH, — HI + RNHCH,CONH, — RN(CH:CONH:): 


The fact that albumin previously treated with iodoacetamide is no longer 
prevented from coagulating by the usual concentrations of iodoacetate 
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further indicates that both compounds react with the same groups in the 


protein. Therefore the clifference in their effects seems to be associated 
with the carboxyl end of the iodoacetic acid molecule. 

The modified protein, formed by the reaction of iodoacetate with its 
gmino and sulfhydryl groups, would contain a number of a lditional 
earboxy! groups which at pl{ 7.4 would exist chiefly in the forms of anions. 
The result is an increase in the net negative charge, an effect not unlike 
that caused by an increase in pH of the system; it is known that at high 
pH values heat denaturation of albumin does not lead to coagulation. 
In all probability the mutually repulsive forces of the negatively charged 


groups prevent close association and agglutination of the denatured pro- 


tein. Iodoacetamide, although it can react with amino and sulfhydryl 


_ groups in the protein, does not introduce new centers of negative charge 


and therefore does not inhibit coagulation. 

There are other instances known in which iodvacetate and iodoacetamide 
difer in their action on proteins. The fermentation of glucose by yeast 
extracts is inhibited much more by iodoacetate than by iodoacetamide 
(21); yet the inhibitory effe ec a of these substances on crystalline urease is in 
the opposite order (24, 25). The explanation of these effects has been 


merely speculative and a remain so until the reaction products have 


been isolated. 

The activity of the various halogenated acetates in blocking coagulation 
sin line with the reactivity of the halogen atom in the compound, as is 
shown by the relative reaction rates with thioglycolic acid. In these 
reactions at 20°, Hellstrém (26) found that the relative velocity constants 
df iodoacetate, bromoacetate, and chloroacetate were 300, 120, and 1 
respectively. 

The rdle of sulfhydry] groups in the thermal coagulation of serum proteins 
at pH 7.4) is at present obscure, although there seems to be a definite 
correlation between the presence of sulfhydryl groups and turbidity forma- 
tion. The marked enhancement of clot formation by added sulfhydryl 
compounds is not specific but is shown by compounds capable of binding 
wifhydryl groups, such as heavy metal salts and iodoacetamide, and also 
certain oxidizing and reducing agents. 


SUMMARY 


l. At pIl 7.4, low concentrations of iodoacetate, bromoacetate, and 
thloroacetate ions, in order of decreasing effectiveness, inhibit thermal 
coagulation of human serum, crystallized bovine plasma albumin, and egg 
ibumin irreversibly. At pH 3.5 iodoacetic acid does not block coagulation. 

2. Substances closely related to iodoacetate, such as methyl iodoacetate, 
iodoacetamide, and iodoacetone, accelerate rather than inhibit coagulation. 
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| 
However, both iodoacetate and iodoacetamide inhibit turbidity formation 
in heated serum and protein solutions. 

3. The inhibitory effect of iodoacetate on thermal coagulation at pH 74 
is postulated as being due to the introduction of centers of negative charg 
(carboxy! groups) by reaction with the sulfhydryl and amino groups of the _ 
protein molecule. | 

4. Low concentrations of thiol compounds, heavy meta! salts, and certaiy 
oxidizing and reducing agents markedly accelerate thermal coagulatio, 
of serum proteins. 
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THE MOLECULAR SIZE AND SHAPE OF THE 
PANCREATIC PROTEASES 


|. SEDIMENTATION STUDIES ON CHYMOTRYPSINOGEN AND ON a- AND 
¥-CHYMOTRYPSIN 
By GEORGE W. SCHWERT 
(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, December 27, 1948) 


Although trypsin, a-, 8-, and y-chymotrypsin, and their inactive pre- 
cursors were obtained in crystalline form by Kunitz and Northrop (1) and 
by Kunitz (2) more than 10 years ago, detailed molecular-kinetic charac- 
terization of these substances is lacking. The present experiments have 


been undertaken as part of a comprehensive investigation of the proteo- 
_ lytie enzymes of the pancreas which will include a physicochemical study 
_ of the reversible denaturation of some of these proteins. This paper con- 
stitutes the first part of a project which will include characterization of 
_ these proteins by means of sedimentation, diffusion, and viscometric 
measurements. 


EXPERIMENTAL 


Proteins—The materials used for these analyses were prepared according 
to the procedures of Kunitz and Northrop (1) and of Kunitz (2). 

Two samples of chymotrypsinogen were used. One of these (ChTg V) 
was recrystallized eight times from ammonium sulfate and was then dia- 
lyzed free of salt against 0.001 n HCl. This solution was concentrated by 
pervaporation to a concentration of about 8 per cent, and one portion was 
used as a stock solution for most of these measurements, while the remain- 
der was lyophilized. As reported by Jacobsen (3), the stock solution was 
found to be stable in the cold for several weeks. In the last portion of this 
slution used for these measurements, well formed crystals appeared when 
the solution was warmed to room temperature. The second preparation 
of chymotrypsinogen (ChTg IV) was recrystallized six times from ammo- 
nium sulfate and was then crystallized twice from magnesium sulfate. 
These crystals were dried to a powder under the coils of a mechanical re- 
frigerator. 

Two preparations of once recrystallized a-chymotrypsin were studied. 
Of these one (ChT I) was dialyzed free of salt against 0.001 n HCl and 
was lyophilized, whereas the other (ChT IV) was washed free of ammonium 
sulfate with saturated magnesium sulfate in 0.01 sulfuric acid and was 
dried under the coils of a refrigerator. 
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One sample of y-chymotrypsin was prepared from the filtrates of two a. 
chymotrypsin preparations. Part of this preparation was dialyzed free of 
salt and was lyophilized for these determinations. 

The activity of ChT IV and of the preparation of y-chymotrypsin has 
been reported in other publications (4-6). 

Buffers—Sedimentation constants were determined in 0.18 Mm NaCl soly. 
tions containing buffer salts sufficient to bring the ionic strength to 02 | 
Acetate buffers were used for pH 3.86 and 4.99 and phosphate for pH 6.20. 
One run was made in acetate buffer of pH! 4.98 which contained 0.02 y 
sodium acetate and OAS mM NaCl. The pH of the buffers was determined 
with a Beckman model G pH meter and was found to remain essentially 
constant at all protein concentrations studied. 

Methods—The sedimentation analyses were performed with the electri- 
cally driven mode! F. ultracentrifuge built by the Specialized Instruments 
Corporation. The rotor, supplied by the same source, was of the type 
described by Bauer and Pickels (7) except that the chuck was replaced by 
a threaded coupling and the lower rotor stem was eliminated. 

Most runs were made at a speed of 59,780 r.p.m. The rotation rate was 
checked frequently by means of a reduced speed counter attached to the 
drive and in all cases the mean speed over a 30 minute period was within 
50 r.p.M. of the indicated speed. This error is probably the limit of error 
in reading the counter. Speed variations over a shorter interval were of 
the order of +100 r.P.M. 


The rotor temperature was measured at the beginning and end of each | 


run with a contact thermocouple. The temperature rise per hour at 59,780 
R.P.M. was less than 0.6°. The pressure in the vacuum chamber was of the 
order of 0.2 » for each run. Although most runs were made at room tem- 


perature, the vacuum chamber was refrigerated during acceleration and 
for about two-thirds of the duration of each run. Refrigeration was dis 
continued after this interval to avoid undue cooling of the rotor when air 
was readmitted to the vacuum chamber. 

Boundary positions were recorded by means of the Philpot-Svensson opti 
eal system (8) with the automatic camera supplied with the instrument. 


The exposure interval was 8, 16, or 32 minutes. The light source in this — 


instrument is a water-cooled type A-IIG mercury are. Eastman spectro — 


scopic plates, type I-D, were used with a Kodak No. 16 Wratten filter. 

Since the boundaries obtained with all of these materials were highly 
symmetrical (Fig. 3), boundary displacements were measured to the maxi 
mum ordinate of the Philpot-Svensson photograph. Values of 8's were 
determined by the method of Oncley (9). 


1 The symbols used throughout this paper are those standardized by Svedberg 
and Pedersen (7). 
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The densities and relative viscosities of appropriate dilutions with 0.001 
x HCl of the buffers used with the stock solution of chymotrypsinogen 
were determined experimentally and were found to give good agreement 
with interpolations of the data presented by Svedberg and Pedersen (7). 
Other viscosity and density data were taken directly from this reference. 

Chymotrypsinogen concentrations were determined by the semimicro- 
Kjeldah! method. a-Chymotrypsin and y-chymotrypsin concentrations 
were determined photometrically at the wave-length of maximum ultra- 
violet absorption by the method of Kunitz (10). The reference data for 
this method were supplied by semimicro-Kjeldah! nitrogen determinations. 
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5 lO 
mg. CHYMOTRYPSINOGEN per ml. 
Fic. 1. A plot showing the variation of the sedimentation constant of chymotryp- 
sinogen with protein concentration. Except where indicated, ChTg V was used 
for these measurements. @, pH 3.86, ionic strength 0.2. The symbol with the bar 
at the top indicates the measurement made with ChTgIV. O, pH 6.20, ionic strength 
0.2. A, pH 4.99, ionic strength 0.5. 
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The nitrogen content of chymotrypsinogen was taken as 15.8 per cent 
(1,3), while the values of Brand (11) were used for the two chymotrypsins. 

The partial specific volume of chymotrypsinogen was found to be 0.73, 
and this value was assumed for the other two proteins studied .? 


Results 


Chymotrypsinogen—The results obtained with chymotrypsinogen are 
shown in Fig. 1. Although the scatter of the points on this plot appears 
to be considerable, it will be noted that the maximum deviation from the 


* Details of this determination together with similar measurements for the other 
materials will be published in the future. 


‘ 
a- ag 
of 
1as : 
lu- 
).2 
2() | 
) \ 
ed q 
2.6 q 
| 
| 
ent. 
this 
etro- 
naxi- 
were 
= 


658 PANCREATIC PROTEASES. 1 


least square line is of the order of 4 per cent. The small negative slope of 
the least square line agrees with the observation that the specific viscosity 
increment of chymotrypsinogen is of low order, i.e. 0.030.2, Application 
of this viscosity correction to the least square plot yields a horizontal line. 

Although Oncley (9) quotes 3.1 Svedberg units as the value of so, , for 
chymotrypsinogen from preliminary results of Hess and Williams, the con- 
ditions under which these determinations were made are not stated. The 
data presented here indicate that 529, . for chymotrypsinogen extrapolated 
to zero concentration is 2.7 (2.66). 

Since the molecular weight determinations of Kunitz and Northrop by 
osmotic pressure measurements (1) were carried out in concentrated salt 
solutions, one run was made in a buffer whose ionic strength was 0.5. 
Within the limits of error of the measurement, no change in sedimentation 
rate was introduced by the higher salt concentration. It will be noted from 
Fig. 1 that no difference in sedimentation rate was found for the two sam- 
ples of chymotrypsinogen studied. 

Upon completion of the sedimentation, density, and viscosity determina- 
tions with chymotrypsinogen, the solutions used were pooled and the 
protein precipitated by adding solid ammonium sulfate to 0.7 saturation. 
When this precipitate was treated by the usual crytallization procedure, 
a heavy crop of well formed chymotrypsinogen crystals was obtained. 

a-Chymotrypsin—The data obtained with a-chymotrypsin are shown in 
Fig. 2. These results seem to resemble qualitatively those reported by 
various investigators in the Upsala laboratories for human, horse, and cat 
hemoglobin (7) for which sedimentation constants were found to decrease 
on dilution. Since the boundaries in all of these determinations were sym- 
metrical (cf. Fig. 3) and showed no evidence of a second component, the 
tentative conclusion is drawn that the a-chymotrypsin monomer, with a 
sedimentation rate not very different from that of chymotrypsinogen, is 
in equilibrium with a dimer. The equilibrium between monomer and 
dimer is shifted toward the dimer by increasing the concentration of a- 
chymotrypsin or by decreasing the pH. It will be noted from Fig. 2 that 
a check determination made with ChT IV gave an identical rate of sedi- 
mentation with that found for ChT I. 

Since the curves shown in Fig. 2 for different pH values merge with in- 
creasing a-chymotrypsin concentration into a single line of constant slope, 
the assumption that points lying on this line represent the sedimentation 
rate of the pure dimer seems not unreasonable. From a least square extra- 
polation, with the nine points which are closest to the line indicated, the 
value of 820, » at zero concentration for the postulated a-chymotrypsia 
dimer is 3.5 (3.5.) Svedberg units. Extrapolation of the data at various 
pH values to the value of 820, . for the monomer was not attempted, since 
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the lines describing the variation of sedimentation rate with concentration 
are curvilinear. At present the most promising approach to the problem 
of the molecular size and shape of the monomer seems to be to evaluate the 
size and shape of the dimer, and, the limits within which the dimensions of 
the monomer must fall being known from the experimental evidence, to 
estimate the range of sizes and shapes which will form a dimer of known 
size and shape. 


3.6 


S20,w x io” 


mg.a-CHYMOTRYPSIN per mi. 


Fig. 2. A plot of sedimentation constant against a-chymotrypsin concentration 
for three pH values. Except as noted, determinations were made at about 25° with 
ChT I. @, pH 3.86, ionic strengthO.2. A, pH 4.99, ionic strength 0.2. The symbol 
with the bar at the top designates the measurement made with ChT IV. O, pH 
6.20, ionie strength 0.2. The symbol with the bar is for the determination made at 
10°. 


Since the concentrations of a-chymotrypsin monomer and dimer are 
postulated to depend upon the total protein concentration, the “tail’’ of 
the boundary on the solvent side must represent a higher ratio of monomer 
to dimer than is present in the bulk of the solution. This portion of the 
boundary is also in a weaker field and will, therefore, lag slightly. From 
one edge of the boundary to the other the ratio of monomer concentration 
to dimer concentration will change progressively until the concentration 
and composition of the bulk of the solution are attained. The edge of the 
boundary on the solution side will have the highest concentration of dimer 
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and, because of this fact and the greater field strength, will spread toward 
the bottom of the cell’ Since the boundary of a solution of pure monomer 


= 


Fic. 3. Typical Philpot-Svensson photographs obtained during sedimentation 
analyses. In all cases the protein concentration was about 0.9 per cent and the rota- 
tion rate was 59,780 nopoM. Reference lines have been rimmed from these pictures. 
chymotrypsinogen,; the first seven exposures were made with a bar angle of 
and an exposure interval of 16 minutes; the last three exposures with a bar angle 
of 45° at S minute intervals; pI 3.86, ionie strength 0.2. 77, a-chymotrypsin; expo- 
sures made at S minute intervals; the first four exposures with a 60° bar angle and 
the remaining with a 45° bar angle; pH 4.99, ionie strength 
S minute exposure interval; bar angle 60° for the first four exposures and 45° for the 
remaining exposures; 6.20, tome strength 0.2 


or pure dimer would be acted upon only by diffusion and by the change in 
field across the boundary, but would not have the superimposed composi- 


>The boundary spreading into the solution phase will be somewhat restricted 
by the greater viscosity of the solution. Close examination of the Philpot Svensson 
photographs indicates that boundary spreading is actually less on the solution side 
of the boundary than on the solvent side. 
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tion gradient across the boundary, it appears probable that boundary 
spreading for a solution of intermediate composition will be greater than 
that for solutions of either pure component. Consequently, as the ratio of 
monomer to dimer is altered by changing the total protein concentration, 
a maximum in the apparent diffusion constant should be observed. 

The apparent diffusion constants were calculated from the Philpot- 
Svensson photographs of several of the runs made at pH 6.20 by means of 
Method III described by Pedersen (7). The results are shown in Fig. 4. 
Although the accuracy of the points for the two lowest concentrations is 
low, this result does seem to lend weight to the interpretation given here 
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10 20 30° 40 
mg.4- CHYMOTRYPSIN per ml. 


Fic. 4. A plot of apparent diffusion constants, calculated from sedimentation 


diagrams obtained at pH 6.20 in a buffer of 0.2 ionic strength, against a-chymotrypsin 
concentration. 


The argument that a-chymotrypsin did not undergo any changes during 
the measurements reported here is based upon the following evidence: (1) 
The plot of log x against time showed no significant deviation from line- 
arity for any run. (2) When the sedimentation rate was determined at 
10° instead of at room temperature, an identical value was found within 
the limits of error of the determination (cf. Fig. 2). Since the viscosity of 
water is about 50 per cent greater at 10° than at 25°, while an enzymatic 
reaction would only be expected to proceed at about one-third the rate at 
10° as at 25°, these factors are not entirely compensatory. (3) The fact 
that the sedimentation rates at high concentrations are identical for all pH 
values indicates that autolysis does not occur at the higher pH values. 
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(4) The absence of a second peak, or of appreciable asymmetry, indicates 
that modified protein was not formed. 

y-Chymotrypsin—The results shown in Fig. 5 for y-chymotrypsin are 
similar to those obtained with a-chymotrypsin except that a much greater 
dependence of a postulated dissociation constant of the dimer upon pH is 
apparent. -Chymotrypsin, as would be expected from the molecular 
weight given by Kunitz (2), sediments at a considerably lower rate than 
does a-chymotrypsin. Although the extrapolation may be modified by a 
complete knowledge of the intrinsic viscosities of the components of this 
system, 3.2 Svedberg units may be tentatively taken as the value of 429, , 
for the y-chymotrypsin dimer. 

With y-chymotrypsin, as with a-chymotrypsin, the plots of log x against 
time were linear for each run and the boundaries were symmetrical for all 
determinations. Additional evidence that autolysis did not occur at higher 
pH values is provided by the fact that sedimentation rates increased rather 
than decreased with increasing pH values. 


DISCUSSION 


Evidence has been presented that a- and y-chymotrypsin behave as re- 
versible monomer-dimer equilbrium systems whose dissociation constants 
increase with pH. The shape of the curves presented in Figs. 2 and 5 can 
be accounted for by the interaction of the following effects: (1) As the 
protein concentration is increased, more dimer is formed, so that the sedi- 
mentation rate tends to increase. (2) As the total protein concentration 
increases, the viscosity of the solution increases and the sedimentation rate 
tends to decrease. Probably the contribution of the dimer to the viscosity 
of the solution is somewhat greater than that of the monomer. 

Attempts at a complete analysis of this phenomenon will be deferred un- 
til data regarding the intrinsic viscosity and diffusion constants of the com- 
ponents of the monomer-dimer equilibrium system have been evaluated. 
However, tentative conclusions may be drawn as follows: 

If it is assumed that the monomer of a-chymotrypsin consists of a sphere 
having a hydration of 0.15 gm. of water per gm. of protein, and that the 
dimer consists of two spheres of unchanged hydration in contact at one 
point, the value of f/fo for the dimer is 1.10. With this value, the molecu- 
lar weight of the dimer is 35,000. Conversely, assuming the molecular 
weight of the monomer to be 17,500 and f/fo to be 1.05, the sedimentation 
rate at zero concentration is 2.34 Svedberg units, a value fitting well the 
data shown in Fig. 2. 

If similar assumptions and calculations are made for y-chymotrypsin, the 
molecular weight of the dimer is 31,000 and the sedimentation constant 
of the monomer is 2.1 Svedberg units, a value somewhat lower than appears 


| 
| 


G. W. SCHWERT H63 


probable from Fig. 5 but, in view of the elementary assumptions made, 
sufficiently near to the observed values to support this interpretation. 
From the observed tendency of this equilibrium system to shift toward 
the monomer as the pH is raised, it may be postulated that the monomer 
is the active enzyme. Since pH 6 represents the approximate lower limit 
of activity of this enzyme, studies at higher pH values were not undertaken 
because of the well known tendency of the active proteases to undergo 
autolysis in the pH range in which they are enzymatically active (1). 
Chymotrypsinogen has not been found to show the phenomenon of di- 
merization at any pH value or salt concentration studied. From viscosity 
data for chymotrypsinogen, f/fo = 1.05. From this value and the sedi- 


CHYMOTRYPSIN per mi. 


Fie. 5. The variation of the sedimentation constant of y-chymotrypsin with proe 
tein concentration for three pH values. @, pH 3.86, ionic strength 0.2. A, pH 
4.99, ionie strength 0.2. O, pH 6.20, ionic strength 0.2. 


mentation data presented here, the molecular weight is 22,000. However, 
with the value for the diffusion constant given by Oncley from preliminary 
measurements of Hess and Williams (9) (7.9 * 107’) and with the sedi- 
mentation constant presented here, the molecular weight of chymotryp- 
sinogen is 30,000. This discrepancy between viscometric and diffusion 
values has been previously noted by Kunitz and Northrop (1). It is an- 
ticipated that further studies will clarify this point. 


The author is pleased to acknowledge the helpful advice and encourage- 
ment generously given by Dr. Hans Neurath and by Dr. D. Gordon Sharp. 
This work has been supported by grants from the Rockefeller Foundation 


and from the National Institutes of Health, United States Public Health 
Service. 
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SUMMARY 


The sedimentation constant of chymotrypsinogen at zero protein concen. 
tration has been found to be 2.7 Svedberg units over the pH range 3.86 to 
6.20 and at ionic strengths between 0.2 and 0.5. 

Both a- and y-chymotrypsins appear to associate to a dimer in solution, 
The degree of association is increased with increasing protein concentra- 
tion and is decreased with increasing pH. 820, ~ for the dimer of a-chymo- 


trypsin is 3.5 Svedberg units extrapolated to zero protein concentration, — 


The value of s20, . extrapolated to zero protein concentration for the dimer — 
of y-chymotrypsin is 3.2 Svedberg units. These values have been dis | 
cussed in relation to the probable molecular weights of these substances, | 


Addendum—Recently, Dr. John F. Taylor at Washington University, St. Louis, 
and Dr. Elliot Volkin at the Oak Ridge National Laboratory have made independent 
determinations of the sedimentation constant of ChTg V at the 1 per cent concentra. 
tion level. Dr. Taylor used an acetate buffer, pH 5, ionic strength 0.2, and found 
820, » to be 2.54 and 2.42 from determinations made at 18.4° and at 6.7°, respectively. 


Dr. Volkin made a determination at a mean temperature of 30.2°, with the phosphate _ 


buffer of pH 6.20 used in this laboratory, and found 820, » to be 2.43. These deter. 
minations were made with Specialized Instruments Corporation ultracentrifuges. 
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THE KINETICS OF THE AMIDASE AND ESTERASE ACTIVITIES 
OF TRYPSIN 
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(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, February 14, 1949) 


In previous reports from this laboratory investigations of the specific 
esterase activity of trypsin (1) and of the detailed kinetics of the hydrolysis 
of specific substrates by chymotrypsin and by carboxypeptidase have been 
reported (2, 3). In the present paper a reinvestigation of the kinetics of 
the action of trypsin on benzoyl-L-argininamide and the results of kinetic 
studies of the action of trypsin on a series of esters of benzoylarginine are 


presented. 
EXPERIMENTAL 


Enzyme—The trypsin used for this study (Ty) was prepared according 
to the procedures of Kunitz and Northrop (4) and of McDonald and 
Kunitz (5). The enzyme was recrystallized one time. 

Substrates and Inhibitor—The preparation of a-benzoyl-L-arginine has 
been described (1). a-Benzoyl-L-argininamide (BAA) and the methyl, 
ethyl, and isopropyl! esters of a-benzoyl-L-arginine (BAME, BAEE, and 
BAIPE) were prepared according to the method of Bergmann, Fruton, 
and Pollok (6). The procedure of these authors was modified for the 
preparation of the cyclohexyl and benzyl esters of a-benzoyl-L-arginine 
(BACHE and BABE) in that the esterification was carried out only one 
time and the reaction mixture was heated on a boiling water bath for 3 
hours. The reaction mixtures in all cases were concentrated under reduced 
) pressure and ether was added to precipitate the esters as oils. BAEE, 
BAIPE, BACHE, and BABE crystallized on standing under ether in a 
cold box at —20°. ‘These esters were recrystallized by dissolving them in 
the corresponding alcohol and adding ether to turbidity. As previously 
reported (1, 6), BAME could not be crystallized. 

The analytical results for these materials are shown in Table I. 

Methods—The methods for determining the amidase and esterase activity 
of trypsin have been described (1). The only modification in these pro- 
cedures was the use of a small mechanical stirrer in place of hand stirring 
o stirring by nitrogen bubbles in the determination of esterase activity. 

Enzyme concentrations were determined by the semimicro-Kjeldahl 
method. 
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Results 


Action of Trypsin on Benzoylargininamide—Hofmann and Bergmann 
(7), Butler (8), and Schwert, Neurath, Kaufman, and Snoke (1) have 
reported that the hydrolysis of benzoylargininamide by trypsin follows 
first order kinetics. This result is surprising, since it has been generally 
found, in agreement with the concept established by Michaelis and Menten 
(9), that adherence to first order kinetics in enzyme systems is apparent 
rather than real. In recent studies from this laboratory it has been pointed 
out that the kinetics of enzymatic reactions can be generally treated ac. 
cording to the integrated Michaelis-Menten equation (2, 3). 

Accordingly, the hydrolysis of benzoylargininamide by trypsin was 
reinvestigated. In Fig. 1 are shown the results obtained over a range of 
substrate concentration from 0.095 to 0.075 m plotted according to zero 


I 
Chemical Analyses of Benzoylarginine and Some Esters of Benzoylarginine 


Compound N calculated | Nfound Mop. 
per ceni per cent 
168 | 16.4 
| 16.0 129 -130 
| 13.6 182 -183 
13.7 


13.9 75 - 78 


* Extremely hygroscopic glass. 
+ After washing with ether and prolonged drying tn vacuo the odor of cyclohexanol 
still clung to this preparation. 


order reaction kinetics. In this range of substrate concentration the initial 
reaction course is the same for all substrate concentrations used. This 
observation suggested that K,, for this system is so much less than the 
lowest substrate concentration studied that the reaction follows zero order 
kinetics throughout this range of substrate concentrations and that devi- 
ations from zero order kinetics were caused by inhibition of the enzyme by 
one of the reaction products. The data shown in Fig. 1 could not be re 
solved by the Lineweaver and Burk equation for competitive inhibition 
(10), since the value of the ratio K,,/Ky increased as the reaction 
progressed." 

1 K, is the Michaelis constant and is defined by Ky = (k2 + k3)/k, where k;, is the 
rate constant for the reaction of enzyme and substrate to form the enzyme-substrate 
complex, k; is the rate constant for the reverse reaction, and k; is the rate constast 
for the slowest reaction between the enzyme-substrate complex and the ultimate for- 
mation of free enzyme and reaction products. Ky, is the enzyme-inhibitor dissocis- 
tion constant. 
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Since the addition of an equimolar quantity of ammonium chloride to 
the substrate resulted in no diminution of the reaction rate, it was con- 


ann 

cluded that inhibition must be due to benzoylarginine.’ 
ows Although the true solubility of benzoylarginine is very low, it was ob- 


ally | served during the reerystallization of this substance that stable super- 
ten saturated solutions could be easily prepared by dissolving benzoylarginine 
at high temperatures and allowing the solution to cool. The small tendency 
ted of benzoylarginine to crystallize from supersaturated solutions probably 
accounts for the fact that enzymatic reaction solutions remain homogene sis 


ac- 
e of “30. 2400: 
2000 

25: | 

0 
i600. 

20 

1200. 

MINUTES 

Fic. 1 Fic. 2 

itial Fie. 1. Hydrolysis of benzoylargininamide by trypsin. Trypsin concentration. 
This 0.060 mg. of nitrogen per ml. of reaction solution. Determinations made at 25° in 


0.1m phosphate buffer, pl] 7.72. BAA concentration is shown by O 0.005 m, @ 0.0125 
the 0.0.025 & 0.050 0.075 
rier { Fie. 2. Plot of the Lineweaver and Burk (10) equation for inhibition of tryptic 
levi- hydrolysis of BAA by benzoylarginine. 1/v is the reciprocal of the initial reaction 
e by velocity in moles hydrolyzed per liter per minute and 1/S is the reciprocal of the 
initial substrate concentration. Trypsin concentration 0.055 mg. of N per ml. of 
the reaction solution. Concentration of benzoylarginine is given by O none, @ 
0.005 A 0.0125 A 0.025 0.050 a. 


| even though the amount of benzoylarginine formed by the hydrolysis of a 
soluble derivative is much greater than the true solubility of this substance. 
sts This observation was utilized in making the determinations shown in 
stat | fig. 2. It is apparent from this plot that in low concentrations of ben- 
efor | *ylarginine the inhibition of the hydrolysis of BAA by trypsin is almost 


*This result has been independently reached by Harmon and Niemann (11). We 
are indebted to these authors for access to these data prior to their publication. 
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entirely non-competitive and that the competitive nature of the inhibition 
is increased by increasing the concentration of benzoylarginine. Inhj. 
bition of this indeterminate type has been previously reported by Elkins. 
Kaufman and Neurath (12) for the action of butyric acid and chloroacetie 
acid on the carboxypeptidase-carbobenzoxyglycyl-L-phenylalanine system, 

Action of Trypsin on Esters of Benzoylarginine—Although it has beep 
observed (1) that the hydrolysis of BAME by trypsin follows zero order 
kinetics, no attempt has been made to determine whether the range of 
concentrations in which deviations from zero order kinetics, occur is experi. 
mentally attainable. With the present method of determining esterase 


12 


MOLES HYDROLYZED x105 


2 4 6 10 
MINUTES 


Fic. 3. Hydrolysis of BAME by trypsin at 30°. 0.0334 mg. of trypsin N represents 
the amount of trypsin used for each determination. 2 ml. of 0.1 M phosphate buffer, 
pH 7.8, were added to each reaction solution. pH 8.00 was the null point for thes 
measurements. The concentration of BAME and the volume of the reaction solu. 
tion are shown by O, 0.0007 m, 100 ml.; @, 0.003 mw, 25 ml.; A, 0.03 m, 5 ml. 


activity, concentrations of substrate below about 5 X 10-* m cannot bh 
used conveniently. Fig. 3 shows the course of the reaction over the con- 
centration range from 0.0007 to 0.03 m. Within this range the reaction 
apparently follows zero order kinetics through a very large part of the 
reaction course. From the concentration of substrate remaining whea 
deviations from zero order kinetics occur, it can be estimated that K 
must be smaller than 8 X 10-> um. This very low value of K,,, together 
with the relative inefliciency of benzoylarginine as an inhibitor in dilute 
solutions, must account for the difference in apparent order between the 
enzymatic hydrolysis of BAA and that of BAME. 

In order to evaluate the effect of the size and nature of the alcohol group 
on the tryptic hydrolysis of esters of benzoylarginine, rate determinatiom 
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with BAME, BAEE, BAIPE, BACHE, and BABE were made at identical 
enzyme and substrate concentrations. Fig. 4 shows the results of these 
determinations at two temperatures. It is apparent that replacement of 
the methyl group of BAME by a variety of alcohol groups results in no 
significant change in the hydrolysis rate.’ 

A series of determinations at varying substrate concentrations was made 
with each ester to determine whether the kinetics of the hydrolysis of any 
of the esters studied could be characterized by a measurable A, value. 
In all cases the results were identical with those shown in Fig. 3 for BAME. 


6: 


MOLES HYDROLYZED x 105 


4 6 8 10 12 14 16 18 
MINUTES 
Fic. 4. Hydrolysis of esters of benzoylarginine by trypsin at 25° and at 3.3°. The 
volume of the reaction solution was 10 ml.; ester concentration 0.0075 m. 0.0227 mg. 
of trypsin nitrogen present in each reaction solution. The null point for these deter- 


minations was pli 8.00. For clarity many points have been omitted. The esters 
are designated by O BAME, @ BAER, A BAIPE, A BACHE, 0 BABE. 


It is generally assumed that enzymatic reactions occur in two steps, a 
combination between enzyme and substrate and the subsequent activation 
and hydrolysis of the substrate. When zero order kinetics are found, it 
8 usually postulated that the combination step is so rapid as compared 
toany subsequent process that the enzyme is always saturated with sub- 
strate. Since K,, for the esters of benzoylarginine is so small that the 
two steps in the reaction cannot be distinguished experimentally, it was 


"It is of interest that the a-monoglyceride of benzoylarginine, a difficultly char- 
seterized oil, prepared by the reaction of the silver salt of benzoylarginine with 
a monochlorohydrin, is also hydrolyzed at a rate identical with that of the 

esters. 
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reasoned that altering the character of the solvent might so alter the rates 
of the two processes that they could be measured separately. Although 
this expectation was not realized, the results obtained are of interest. 

When the enzymatic hydrolysis of BAME is carried out in ethanolic 
solutions, the initial reaction rate, up to a limiting concentration of alcohol, 
is greater than that observed in water.‘ In 16 volume per cent ethanol 
the initial rate is increased about 35 per cent over that in water, and ip 
32 volume per cent ethanol the increase is about 50 percent. At an ethanol 
concentration of 54 volumes per cent the initial rate isidentical with that in | 
water. As the reaction in ethanolic solutions progresses, however, the rate _ 
decreases, the decrease being greater the higher the ethanol concentration. 
Analogous, but less marked, changes in rate were observed when BAA was 
acted upon by trypsin in ethanolic solutions. These observations are in 
agreement with the findings of Risley, Buffington, and Arnow (13) for the — 
action of trypsin on bovine serum. | 

The failure of the esterase reaction to follow zero order kinetics in | 
alcoholic solutions suggested that the enzyme might be inhibited by one af. 
the reaction products in such solutions. Determinations in water and in — 
16 volume per cent ethanol indicated that the addition of 0.01 s benzoyl. — 
arginine or of 0.01 mM ammonium chloride causes no change in the rate of 
hydrolysis of 0.01 m BAME. It was also observed that 0.01  benzoyi- 
arginine causes no inhibition in 50 per cent ethanol. Neither 0.01 x 
arginine hydrochloride nor 0.01 m guanidine hydrochloride causes any rate 
change in 16 per cent ethanol. 

When the rate of hydrolysis of BAME and of BAEE by trypsin was 
studied in a series of alcohols at the 16 volume per cent level, it was found 
that methanol causes a 15 per cent increase in rate, ethanol causes a 35 
per cent increase, and n-propanol and /erl-butanol cause a rate increase of 
about 40 per cent over that observed in water. No change in reaction 
rate was observed when the reaction was studied in 0.1 m glycine. 

It has been suggested’ that the esterase activity of the proteases might 
be distinguished from the activity of the true esterases by the effect of 
fluoride upon this activity. Dry trypsin powder was dissolved in 0.5 ™ 
sodium fluoride solution and, after 15 minutes, a portion of this solution 
was added to BAME in the usual buffer. The concentration of fluoride 
in the reaction solution was 0.025 m. A rate identical with that observed 
in the absence of fluoride was found. 


‘ The possibility that the acceleration observed in the initial stages of the reaction 
in 16 and 32 volume per cent ethanol might be due to traces of some activating mate 
rial was ruled out by using carefully redistilled absolute alcohol for comparative ratt 
studies. The observed rate was independent of the source of the alcohol used. 

* By Dr. Frederick Bernheim. 
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DISCUSSION 


The data presented in Figs. 1 and 2 show clearly that the hydrolysis 
of benzoyl-L-argininamide by trypsin cannot be interpreted by a single 
order of reaction, since one of the reaction products, benzoylarginine, 
exerts an inhibitory effect on the reaction. This inhibition is of an in- 
determinate type. It is initially non-competitive, but additional incre- 
ments of benzoylarginine formed during the reaction cause disproportion- 
ately greater inhibition of the enzyme. 

These results are in essential agreement with those of Harmon and 
Niemann (11) which have recently come to our attention. According to 
their data a value of A,, = 0.0021 fits the kinetics of the tryptic hydrolysis 
of BAA at 25° reasonably well provided values of K,,/K, varying between 
land 2 are assumed, the higher value being required to approximate the 
reaction course, on the basis of competitive inhibition, at higher initial 
substrate concentrations. 

Although the esters of benzoylarginine used for this study probably 
show some variation in their resistance to non-enzymatic hydrolysis, they 
are hydrolyzed by trypsin at identical rates. As enzymatic reactions are 
usually formulated, the possible limiting rates for a zero order reaction 
are (1) the rate of activation of the enzyme-substrate complex, (2) the 
rate of entry of water into the hydrolytic process, and (3) the rate of 
desorption of the products from the enzyme surface. The third of these 
possibilities is rendered improbable by the observation that only benzoyl- 
arginine, a product formed in the hydrolysis of both BAA and of the esters 
studied here, has been found to have inhibitory activity. Were the rate 
of desorption of the products the limiting step, the rates of hydrolysis 
of esters and amides should be identical. ‘The other two possibilities 
can be distinguished only formally and may occur as one process. 

If it is true that the rate being measured in the hydrolysis of esters by 
trypsin is the rate of activation of the enzyme-substrate complex, then it 
must be this rate which is increased by the addition of alcohols to the 
system. It is of interest that for the chymotrypsin-acetyl tyrosinamide 
system the addition of methanol causes no change in the rate of activation 
of the enzyme-substrate complex.® 

The results obtained here at two temperatures for the five esters of 
benzoylarginine agree well with those previously reported (1) for BAME 
at three temperatures. Thus, over the range 0.5-42°, AE, the Arrhenius 
activation energy for the rate-limiting step, is 11,200 calories per mole. 
The absolute reaction rate (moles of ester hydrolyzed per mole of enzyme’ 
per second) is 26.7 reciprocal seconds at 25°. With use of the theory of 


‘Kaufman, S., and Neurath, H., J. Biol. Chem., in press. 
"The molecular weight of trypsin is assumed to be 36,000. 
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absolute reaction rates (14), AH/* = 10,600 calories per mole, AF* = 15,500 
calories per mole, and AS* = —16.5 entropy units. These values are of 
the same order as those previously reported for the hydrolysis of spe. 
cific esters by chymotrypsin (2). 


This work has been supported by grants from the Rockefeller Foundation : 
and from the National Institutes of Health, United States Public Health 
Service. 


SUMMARY 


It has been found that benzoyl-L-arginine inhibits the tryptic hydrolysis | 
of benzoyl-t-argininamide. This inhibition is of indeterminate type, being _ 
almost non-competitive in low concentrations of benzoyl-L-arginine and — 
approaching competitive inhibition with increasing concentrations of this 
reaction product. 

The methyl, ethyl, isopropyl, benzyl, and cyclohexyl esters of benzoyl. 
arginine are hydrolyzed at identical rates by trypsin. These reactions 
follow zero order kinetics and none is inhibited by benzoylarginine. 

The effect of added alcohols, fluoride, arginine hydrochloride, and guan- 
idine hydrochloride upon the rate of hydrolysis of benzoyl-L-arginine 
methyl ester by trypsin has been determined. 
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THE METABOLISM OF C*-LABELED GLUCOSE BY THE RAT 
DIAPHRAGM IN VITRO* 


By CLAUDE A. VILLEE anp A. BAIRD HASTINGS 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, October 19, 1948) 


The rat diaphragm was shown by Gemmill (1, 2) to be a satisfactory 
preparation for the study of carbohydrate metabolism in muscle in vitro. 
It has been employed by Gemmill (3), Hechter, Levine, and Soskin (4), 
Stadie and Zapp (5, 6), and Verzar and Wenner (7) to study the effect of 
insulin on glycogen formation, and by Krahl and Cori (8) to study the 
effect of insulin on glucose disappearance. The present experiments, with 
C'-labeled glucose as the substrate, were undertaken to determine the 
relative amounts of glucose converted to glycogen and glucose metabo- 
lized to CO, by muscle cells and the effect of insulin on these processes. 
In previous studies (9), the effect of insulin on the metabolism of glu- 
cose to carbon dioxide was determined from calculations of the respira- 
tory quotient. In the present experiments, direct determinations of the 
amount of labeled glucose metabolized to CO, have been made and the 
extent of its conversion to glycogen determined. 

The data to be reported include observations on the diaphragms of nor- 
mal, diabetic, adrenalectomized, hypophysectomized, diabetic-adrenalec- 
tomized, and adrenalectomized-hypophysectomized rats. 


Materials and Methods 


Animals—Most of the animals used in these experiments were male 
Wistar strain rats, weighing 150 to 200 gm., obtained from the Albino 
Farms. A few Wistar rats from the Charles River Breeding Laboratories 
and from our own Wistar colony were used; no differences in these three 
strains were observed. All animals except those which were adrenalecto- 
mized and hypophysectomized were fed on a stock diet of Purina dog 
pellets. 

Diabetes was induced by single intravenous injections of 50 mg. of 
alloxan per kilo of body weight. The alloxan was administered as a 5 per 
cent solution in water, freshly prepared. After injection, animals were 
fed the stock diet and given water to drink. Urine glucose determina- 
tions were made every other day until the animals were used. The dia- 
betic animals were kept about 7 days before being used in an experiment. 


* This work was supported in part by a contract between Harvard University and 
oe of Naval Research, and in part by a grant-in-aid from the Ella Sachs Plots 
oundation. 
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Bilateral adrenalectomy was performed in a single operation by means 
of the Ingle and Griffith (10) technique and ether anesthesia. Both adre. 
nalectomized and diabetic-adrenalectomized rats were fed a synthetic, low 
carbohydrate diet and were given 1 per cent sodium chloride to drink 
Since diabetic-adrenalectomized animals tend to die of hypoglycemia op 
prolonged fasting, the period of fasting of these animals was limited tg 
6 to 10 hours. 

The hypophysectomies were performea by Dr. Roy O. Greep, of the 
School of Dental medicine, using the ventral approach. These animals 
were kept 2 to 10 weeks before being used in the experiments. Some 


rats were adrenalectomized, given 5 days to recover, then hypophysecto. — 
mized and kept 4 to 8 days more before being used in experiments. All _ 


hypophysectomized rats were fed a special synthetic high fat diet. 


Substrate—Glucose labeled with C™ in positions 3 and 4 was made bio. | 


synthetically in vitro as glycogen in liver slices incubated with pyruvate 
and CO, in a potassium-enriched medium.' The glycogen was then 
hydrolyzed for 2 hours with 0.33 N H.SO, and the sulfuric acid removed 
by the addition of saturated Ba(OH)s. 


Glucose uniformly labeled in all six carbons was made photosyntheti- | 


cally as starch in bean leaves in an atmosphere of C"O.. 5 to 6 week-old 
bean seedlings were kept in the dark 4 days to exhaust the starch reserves 
in the leaves. A vacuum desiccator was prepared by placing 10.6 gm. of 
BaC"O;, recovered as wastes from respiratory experiments in the bottom 
in a little water to facilitate mixing. (The activity of the BaCO; was 
about 45,000 counts per minute per mm of carbon.) About 20 gm. 
fresh weight of bean leaves were removed from the stalks and placed in 
CO,-free water in small beakers on the desiccator plate and held in place 
by scotch tape. 20 ml. of 9 N perchloric acid was placed in a round 
bottom 50 ml. centrifuge tube in one of the holes in the desiccator plate. 
The top was put on, the desiccator evacuated to 50 mm. of Hg pressure, 
and the centrifuge tube was tipped by a blow on the side of the desic- 
cator, thereby mixing the acid with the BaC™O, and releasing C"0; 
The desiccator was kept at reduced pressure for | hour, after which C0r 
free air was admitted to bring the pressure to slightly below atmosphere 
pressure. The desiccator was then put in the light for 48 hours. At the 
end of this photosynthetic period, the desiccator was evacuated five times 


through an NaOH train of absorbers to recover the CO, remaining. Af | 


ter the last evacuation, 50 ml. of 5 x NaOH were drawn into the desie- 
cator to neutralize the perchloric acid and to absorb any remaining 00: 

The leaves were removed, ground in a Waring blendor in 200 ml. d 
water for 5 minutes, and strained through cheese-cloth. The residue was 


' Topper, Y. J., personal communication. 
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ground for 5 minutes in an additional 75 ml. of water and strained, and 
this second residue was ground a third time in 75 ml. of water. The 
combined filtrates were centrifuged 10 minutes at 10,000 r.p.m. The 
several sediments from this centrifuging were combined into a single 50 
ml. centrifuge tube and again centrifuged. The sediment consisted of 
three parts: a bottom layer of pale green cell fragments, a middle layer of 
white starch granules, and a thin upper layer of very dark green chloro- 
plasts. These layers were separated by differential centrifuging (11), 
the chlorophyll extracted by 3:1 alcohol-ether, and the residual starch 
placed in boiling 30 per cent KOH for 20 minutes. It was then precipi- 
tated from solution by the addition of 3 volumes of alcohol and cen- 
trifuged. The resulting starch was hydrolyzed with 0.33 n H,SO, for 2 
hours to yield glucose. The sulfuric acid was removed by the addition 
of saturated Ba(OH), in the presence of phenol red. Ba(OH): was added 
to slight alkalinity. The BaSOQ, was removed by centrifugation and 
dilute phosphoric acid (0.01 m) added dropwise to neutrality, thereby re- 
moving the excess of Ba++. The resulting solution of glucose was used 
without further purification. 

Suspension Medium—The suspension medium in which the diaphragm 
muscle was incubated was identical with that used by Stadie and Zapp 
(6): 0.040 m sodium phosphate, 0.005 m MgCh, 0.08 m NaCl, and 200 
mg. per cent of glucose, initial pH (by glass electrode) 6.8. The insulin 
used was commercial (20 units per ml.) iletin (insulin, Lilly). The final 
concentration of the insulin in the incubation medium was 0.5 unit per 
ml., 1.5 units per incubation vessel. 

Procedure—The animals were killed by a blow on the head, the abdo- 
men was opened, and the diaphragm was exposed. Each hemidiaphragm 
was removed with minimum trauma and bleeding, trimmed to remove 
the central tendon, and blotted on filter paper. A small piece of each 
hemidiaphragm was weighed, placed in boiling 30 per cent KOH, and 
analyzed for initial glycogen. The major part of the hemidiaphragm, 
about 100 mg. in weight, was weighed on a torsion balance and placed 
ina Warburg vessel in 3 ml. of incubation medium. One hemidiaphragm 
from each rat was placed in a vessel with insulin and one in a vessel with- 
out insulin. In the center well were placed a piece of hard filter paper 
and 0.2 ml. of 5 per cent NaOH, prepared CO,-free by dilution from satu- 
rated NaOH. 

The vessels were attached to Warburg manometers, gassed with 100 
per cent oxygen for 10 minutes, and then incubated for 2 hours at 38°, 
while being shaken at 120 cycles per minute. At the end of the 2 hour 
period, the vessels were removed, the alkali-soaked filter paper from the 
center well (containing CO, and CO.) was placed in 8 ml. of CO,-free 
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water in a centrifuge tube, the center well was rinsed three times with 
CO,-free water, and the washings added to the contents of the centrifuge 
tube. The tubes were then stoppered and allowed to stand for half an 
hour, after which the filter paper was pressed dry against the side of the 
tube and removed. Control experiments showed that all of the CO, in 
the center well was recovered by this procedure. 1 ml. of 0.11 m Bai, 
was added, and the BaCO, precipitated and centrifuged, washed with CO, 
free water and 95 per cent ethanol, plated on stainless steel cups, and 
counted by an end window Geiger tube. 

The possibility remained that some significant fraction of the glucose 
was metabolized to CO, in the 10 minute period at the beginning of the 
experiment in which the vessels were gassed with oxygen. To test this, 
four experiments were performed in which the vessels were filled with the 
incubation medium and center well alkali and gassed before the muscle was 
added. After a 10 minute gassing period, the vessels were removed mo- 
mentarily from the manometers, the diaphragms added, and the vessels 
replaced on the manometers immediately so that all the CO, evolved 


while the diaphragms were in the incubation medium was trapped. Es — 


sentially no difference was found between these experiments and those 
done in the usual way. The average amount of CO, derived from the 
labeled glucose of the medium was 13 per cent without added insulin and 
16 per cent with added insulin in these experiments, compared to 10 per 
cent without added insulin and 16 per cent with added insulin in the 
experiments performed the usual way. 

Tests were made for the completeness of the transfer of CO, from the 
incubation medium to the center well in three ways. In eight experi- 
ments, 0.2 ml. of 1 N H:SO, was placed in the side arm and dumped into 
the medium at the end of the experiment to bring the final pH of the 
medium to 1.8. There was no significant difference in the total amount 
of CO, recovered nor in the total counts of the recovered CO, compared 
with other experiments in which no acid was added at the end. In two 
other experiments, the medium at the end was analyzed for its CO, con- 
tent by the Van Slyke manometric method. This was found to be 0.00018 
and 0.0003 mm of CO, per incubation vessel, respectively, and amounted 
to 1.0 and 1.9 per cent of the total CO, recovered. Another check is pro- 
vided by calculating the CO, evolved during the experiment from the 
weight of BaCO; recovered and then calculating the r.q. from this value 
and the oxygen uptake which was measured directly during the incuba- 
tion period. If any significant amount of CO, remained in the medium, 
the r.Q. so calculated would be less than 1; yet in these experiments the 
R.Q. varied from 1.0 to about 1.1. The amount of CO, present in the solu- 
tion plus tissue at zero time was less than could be determined by weigi- 


5. 
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ing the BaCO, from the center well. The CO, initially present in the 
tissue (10 mm per kilo of muscle) would yield 0.02 to 0.03 mg. of BaCQs. 
Control experiments, in which muscle was incubated anaerobically, resulted 
in no detectable amount of CO, (measured as BaCQ;) in the center well. 

The diaphragm was removed from the vessel, placed in 1 ml. of boiling 
30 per cent KOH in a 15 ml. centrifuge tube, and analyzed for glycogen 
by the method of Good, Kramer, and Somogyi (12). The glycogen was 
precipitated from the alkali by 1.5 volumes of alcohol. The tube was 
placed in an ice bath to insure complete precipitation, then centrifuged, 
and the supernatant discarded. The glycogen was resuspended in 1 ml. 
of water, precipitated by 1.5 ml. of alcohol, boiled, and placed in an ice 
bath, then centrifuged. The supernatant was discarded, the glycogen 
taken up in 0.5 ml. of water, 0.5 ml. of 10 n H:SO, was added, and the 
tube was placed in a boiling water bath for 30 minutes. It was removed, 
cooled, neutralized with 5 n NaOH (phenolphthalein), 1 drop of 2 n H,SO, 
was added, and then it was made up to 3 ml. with water. A 1 ml. aliquot 
was analyzed for glucose by the Nelson method (13). In eight experi- 
ments, aliquots of this glucose obtained from the hydrolysis of the glycogen 
were oxidized by the wet combustion technique of Van Slyke and Folch 
(14), and the resulting CO, was precipitated as BaCOQ;, plated, and ana- 
lyzed for C'*. The incubation medium was pipetted from the Warburg 
flasks and aliquots were analyzed for residual glucose by the Nelson method 
(13), with Ba(OH), and ZnSO, to remove interfering substances. The 
final pH of the medium was measured by the glass electrode and was found 
to be pH 6.8 + 0.1. 

Blood glucose determinations were made at the time the animals were 
sacrificed and averaged 98.7 mg. per cent for normal animals, 415 mg. per 
cent for diabetic animals, 68.3 mg. per cent for adrenalectomized animals, 
164 mg. per cent for diabetic-adrenalectomized, 97 mg. per cent for hypo- 
physectomized, and 70 mg. per cent for adrenalectomized-hypophysecto- 

Results 


Effect of Insulin on Disappearance of Glucose from Medium—In all 
groups of animals, normal, diabetic, adrenalectomized, diabetic-adrenalec- 
tomized, hypophysectomized, and adrenalectomized-hypophysectomized, 
the addition of insulin increased the amount of glucose disappearing from 
the incubation medium (Table I). This confirms the work of Krahl and 
Cori (8) on normal, diabetic, and adrenalectomized rats. When no insulin 
is added, the glucose disappearance in the presence of muscle from dia- 
betic rats is lower and that from adrenalectomized rats is greater than in 
the presence of muscle from normal rats. The glucose disappearance in 
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the presence of diaphragm from diabetic-adrenalectomized, hypophysecto- 
mized, and adrenalectomized-hypophysectomized rats is greater than nor- 
mal. The figures obtained by Gemmill and Hamman (3), Stadie (5), and 
Krahl and Cori (8), each of whom used slightly different incubation media, 
are given for comparison. In our experiments, the decrease in glucose util- 
ization is roughly proportional to the severity of the diabetes. The data 
given in Table I are for those animals with a fasting blood glucose of 300 
mg. per cent or more. Five animals with a lower fasting blood glucose 


showed no decrease in glucose utilization: 1.53 mg. of glucose per gm. of 


diaphragm per hour without insulin and 5.14 mg. per gm. per hour with 
added insulin. 

Amount of Glucose Carbon Recovered in CO,—The amount of glucose 
metabolized to CO, was calculated from the formula: glucose metabolized 
to CO, = ((total counts of C“ in CO,)/(total counts of C“ in glucose)) 
X total amount of glucose in the vessel. 

When no insulin was added to the medium, the amount of glucose me- 
tabolized to CO, by the diaphragm paralleled the total amount of glucose 
disappearing from the medium. This was true for all six groups of ani- 
mals. It was less than normal in diabetic and greater than normal in the 
other experimental conditions (Line 2, Table I). The addition of insulin 
increased the amount of glucose metabolized to CO; by muscle from nor- 
mal, adrenalectomized, diabetic-adrenalectomized, hypophysectomized, 
and adrenalectomized-hypophysectomized rats. These increases were 
shown to be significant by the “‘t test,’’ which gave P values of less than 
0.05 or 0.01 (Table 11). The addition of insulin to diabetic muscle caused 
only a slight increase, one which is not statistically significant (P = 
about 0.35). 

Amount of Glycogen Synthesized—The amount of glycogen synthesized 
in the muscle during the incubation period (Line 3, Table I) was calculated 
by subtracting the initial glycogen content from the glycogen present at 


_ the end of the experiment. Muscle from both the diabetic and the adre- 


nalectomized animals formed less glycogen than normal muscle, but that 
from diabetic-adrenalectomized, hypophysectomized, and adrenalecto- 
mized-hypophysectomized animals formed more glycogen (Line 3, Table I). 
In normal muscle, the addition of insulin caused an 87 per cent increase 
in glucose utilization, a 100 per cent increase in glucose carbon recovered 
as CO;, but a 265 per cent increase in glycogen synthesis. 

Glucose Unaccounted for—The glucose carbon recovered as CO; and the 
glycogen synthesized (Lines 5 and 6, Table I) accounted for from 11 to 
46 per cent of the total glucose disappearing from the medium; the rest 
was unaccounted for in these experiments. Some of the glucose unac- 


_ counted for is converted to lactate, some to fat, some to protein, and some 
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is present at the end of the incubation period as the various intermediates 
between glucose and the end-products. Experiments are under way to 
determine the fraction of the glucose converted to each of these substances. 

The increase in the amount of glucose metabolized to CO, when insulin 
_ was added paralleled the increase in the total glucose utilized; so that the 
game fraction of the glucose utilized, about 7 per cent, was oxidized with 
or without insulin (Line 5, Table I). However, the increase in the amount 
_ of glycogen synthesized when insulin was added was greater than the in- 

crease in the total glucose uptake, so that there was an increase in the 

fraction of the glucose uptake which was converted to glycogen (Line 6, 

Table I). If we assume that insulin acts on the hexokinase reaction and 

increases the amount of glucose-6-phosphate present, these facts suggest 
| that the limit of the rate at which glucose-6-phosphate can be passed 
_ through the Embden-Meyerhof cycle to pyruvate was lower in our experi- 
ments than the limit of the rate at which glucose-6-phosphate can be con- 
 yerted into glucose-1-phosphate and glycogen. 

Fraction of Center Well CO, Derived from Labeled Glucose—The fraction 
of CO, collected in the center well derived from the glucose of the medium 
was calculated by dividing the specific activity (counts per minute per mM 
: of carbon) of the CO, by the specific activity (counts per minute per mM 

of carbon) of the glucose. Since the activity of the glucose was measured 
by combusting it to CO. and plating the CO, as BaCOs, the specific activity 
is the average activity of all 6 carbons in the glucose molecule, although 

actually only carbons 3 and 4 are radioactive. These calculations show 
; that in muscle from normal, adrenalectomized, hypophysectomized, and 
_ adrenalectomized-hypophysectomized rats the addition of insulin in- 
creased not only the amount of glucose metabolized to CO:, but also the 
| fraction of CO, in the center well derived from the labeled glucose of the 
medium. There was, however, no over-all increase on the addition of 
insulin in the rate of respiration as measured by the oxygen up- 
| take. This would indicate that when insulin was added the muscle me- 
| tabolized more glucose and less of other substances. In muscle from 
diabetic and diabetic-adrenalectomized rats, the addition of insulin had 
_ less effect on the fraction of CO, derived from the glucose of the medium. 
In these calculations the assumption is implicit that insulin does not 
increase the size of the carbohydrate pool (and hence dilute the C™ from 
the glucose) by any route other than that from the glucose of the me- 
dium. If insulin does increase the size of the pool of precursors of the 
Krebs cycle other than those derived from the medium glucose, these 
calculations based on specific activity will be invalid. However, neither 
the Qo, nor the R.q. is changed by the addition of insulin. 

Glycogen Synthesis—The percentage of the glycogen synthesized in the 
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diaphragm during the incubation period derived from the glucose of the 
medium was calculated by comparing the specific activity of the glycogen 
synthesized with the specific activity of the glucose in the medium, |p 
seven out of eight experiments, the glycogen synthesized in the presence 


of a medium containing 200 mg. per cent of glucose apparently did not 


come entirely from the glucose of the medium. In three experiments with 


muscle from normal rats incubated in the absence of insulin, the fraction 
of new glycogen formed during the incubation period derived from tagged 


glucose was 0.26, 0.79, and 1.0. In five experiments with muscle from nor. _ 


mal rats incubated in the presence of insulin, the fraction of new glycogen 
formed during the incubation period derived from tagged glucose was 0.53 
0.56, 0.60, 0.76, and 0.24. When muscle is incubated in the absence oj 


insulin, the amount of glycogen synthesized is small compared to that pres. 


ent initially; hence the correction factor, for converting counts per minute | 


per mg. of total glycogen present at the end to counts per minute per mg. 


of glycogen synthesized, is large and great differences in the value of the 


fraction derived from glucose occur. But when muscle is incubated in 
the presence of insulin, the amount of glycogen synthesized is large, the 
correction factor is smaller, and the values of the fraction of glycogen syn- 
thesized derived from the glucose of the medium are less variable. 


Evidence that glycogen of diaphragm muscle can be derived from pr | 


cursors other than glucose was obtained by the use of a-carbon-labeled 
pyruvate (CH;C“OCOO~-) and carboxyl-labeled acetate (CH;C"00-) as 
substrates. In six experiments with C-pyruvate as substrate (glucos 
absent), the average amount of new glycogen derived from the pyruvate 


was estimated as 13.1 per cent when insulin was absent, and 11.6 per cent 


when insulin was present. In four experiments with C"-acetate (glucos 
absent), the amount of glycogen formed in the muscle in a 2 hour incubs- 
tion period from the acetate of the medium was always less than 0.2 per 
cent (Table IIT). 

Metabolism of 3,4-Labeled and Uniformly Labeled Glucose—In most 
the experiments presented here, 3,4-labeled glucose was used as the sub 
strate. That this material was eventually metabolized completely to C0: 
and water, and not to some 2 carbon fragment which releases the C" from 
positions 3 and 4, is shown by the fact that exactly similar results wer 
obtained when uniformly labeled glucose hydrolyzed from bean starch ws 
used. In four paired experiments, in which uniformly labeled glucose ws 
used as the substrate, the average values of the glucose metabolized 
CO, by normal muscle were 0.15 mg. per gm. per hour without insult 
and 0.29 with added insulin. In the ten paired experimenis with 3,+ 
labeled glucose, the average values of the glucose metabolized to CO: 
normal muscle were 0.10 and 0.19 mg. per gm. per hour respectively 
whereas if the 3 and 4 carbons had been metabolized at a significantly 
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rate than the other carbons of glucose, the CO. values obtained 

with 3,4-labeled glucose should have been significantly higher than those 
obtained with uniformly labeled glucose. 

High Concentrations of Glucose—A few experiments were performed in 

the presence of glucose concentrations of 3009 and 590 mg. per cent. The 


Taste III 
In Vitro Synthesis of Glycogen from Pyruvate and Acetate by Rat Diaphragm Muscle 


Per cent glycogen synthesized, derived from labeled substrate 


Without insulin | With insulin 
CH,C“OCOO- | 18.2 16.6 
9.9 13.5 
| 11.2 | 4.6 
CH,C“00- | 0.21 0.13 
| 0.10 0.08 
| 0.15 0.00 
| 0.15 | 0.07 
TaBLe IV 


Effect of Variations in Concentration of Glucose in Incubation Medium on Utilization 
in Vitro of Glucose by Rat Diaphragm Muscle 


The results are expressed as mg. per gm. per hour. 


: Normal rats , Diabetic rats. Normal rats | Diabetic rats | Diabetic rats 

200 100 ml. | 300 100 ml 

medium 

With With With With- With 
With | Wit With With With 

No.of experiments................ rece 2 2 
Total glucose uptake ‘1.60 2.82 1.03, 2.37) 5.57 9.72 8.45 9.77] 9.87 18.10 
Glucose metabolized to CO, 0.14 0.24 0.09 0.11 0.12 0.26 0.12 0.21 0.17) 0.21 
Glycogen synthesized | 0.21 0.70 0.15 0.63) 0.45 0.76 0.13 0.68 0.10 0.76 
unaccounted for | 1.25 1.88 0.79, 1.63 5.00, 8.70 7.90, 8.88, 9.60 17.13 


tate of glucose utilization in both normal and diabetic muscle was increased 
when the concentration of the glucose in the medium was increased, but 
even at the higher glucose concentrations, insulin had the effect of increas- 
ng the glucose utilization (Table IV). Although the amount of glucose 
metabolized to CO; by normal muscle was not significantly modified by 
ireasing the concentration of glucose in the medium, insulin still produced 
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an increase in glucose metabolism: Insulin did not cause a significant jp. 


crease in the amount of glucose from the medium recovered as CO, wher 
diabetic muscle was incubated in any of the glucose concentrations tried. | 
The amount of glycogen synthesized by normal muscle with or without | 
insulin was greater when the concentration of glucose in the medium was 
increased, but insulin still had an effect on glycogen synthesis at a level of © 
300 mg. per cent of glucose in the medium. In contrast, the amount of © 
glycogen synthesized by diabetic muscle in the absence of insulin was not 
increased as the glucose of the medium was increased, whereas the — 
amount synthesized in the presence of insulin was increased slightly as 
the concentration of glucose in the medium was raised. At all glucose 
concentrations studied, insulin had a marked effect in increasing glycogen 
synthesis by diabetic muscle. 


DISCUSSION 
Although more questions have been raised than answered by the experi. 
ments described above, it is of interest to list the inferences which may be 


drawn from them. For comparison, the results obtained in the severa] 
experiments are collected in Fig. 1. 


First, it would appear that even in the excised rat diaphragm a mets. . 


bolic pool of glycogen precursors exists due to the finding that the specific 

activity of the glycogen carbon and of the carbon of the CO, recovered in 

the center well was less than the specific activity of the glucose carbon. 
Second, the effect of insulin in vitro is consistent with the Cori demon- 


a2 


stration that insulin activates hexokinase. The evidence presented for this 
rests on the increase in glucose utilization and in muscle glycogen resulting 
in all experiments upon the addition of insulin. In addition, insulin pro- 
duced an increase in the amount of tagged glucose recovered as CO, in all | 
experiments except those on muscle from diabetic animals. From this, it © 
might be inferred that in all save the diabetic animals metabolism of glu- | 
cose-6-phosphate to both glycogen and to CO, was facilitated due to | 
speeding up in its rate of formation. The reason for the absence of an in- 
crease in metabolic CO, from glucose in the diabetic animals is unknown | 
and presents an interesting question worthy of further study. | 
Third, the absence of the hypophysis resulted in an increase in glucos 


utilization, glycogen formation, and in the amount of glucose metabolized ) 


to CO,. By themselves, these observations would be consistent with the 
Cori experiments that hormones of the hypophysis and adrenals inhibit 
hexokinase and that insulin can neutralize this inhibition. However, this 
explanation would seem to be inadequate when we consider that insula 
increased carbohydrate utilization, glycogen formation, and the amount d 
glucose metabolized to CO, in muscle from animals which had been both 
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cific Fic. 1. The effect of insulin on the utilization of glucose by isolated diaphragm 
di muscle. 0 = noinsulin added, + = insulin added,0.5 unit per ml. The height of the 
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1c08 | + designates an increase produced by the presence of the specified hormones, 
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ie | ~ glucose-6-phosphate and all intervening compounds between glycogen and 
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, this | adrenalectomized and hypophysectomized. It is pertinent that Krahl and 
sui | Park (15) and Perlmutter and Greep (16) found undiminished insulin ef- 
int @ | fects on glucose utilization in isolated diaphragms from hypophysectomized 
both | mats. 
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Fourth, the absence of the adrenals resulted in an increase of glucoge 
utilization, but a decrease in glycogen formation. This could be ap. 
counted for by an inhibitory action of adrenal hormones on some enzy. 
matic step between glucose-6-phosphate and CO, or by an acceleration 
of some side reaction, such as the reduction of pyruvate to lactate. 

Though avowedly an oversimplification, the observations presented 
above may be qualitatively expressed in the accompanying diagram. 

It remains for further study to bring more specific knowledge of the sites 
of action of the hormones of the pancreas, hypophysis, and adrenal glands, 
For the present, the Cori hypothesis would seem to be adequate if one in. 
cludes an additional inhibitory action by adrenal hormones at some point 
between glucose-6-phosphate and CQ,. 


We wish to express our thanks to Dr. A. K. Solomon of the Biophysical | 
Laboratory for performing the C™ analyses and to Miss Kathleen White. | 


house for her technical assistance. 


SUMMARY 


1. The glucose disappearance, glycogen synthesis, and metabolism of 
glucose to carbon dioxide by isolated rat diaphragm have been measured 
in muscle from normal, diabetic, adrenalectomized, hypophysectomized, 
adrenalectomized-hypophysectomized, and diabetic-adrenalectomized rats. 
In all types of animals, the addition of insulin increased the amount of glu- 
cose disappearing from the medium and the amount of glycogen synthe. 
sized. Insulin increased the amount of glucose carbon appearing in carbon 


dioxide in all but the diabetic diaphragm, in which the increase was not — 
significant. When no insulin was added to the medium, the glucose utili- — 


zation and glucose metabolized to carbon dioxide were lower than normal 
in muscle from diabetic rats and greater than normal in muscle from adre- 
nalectomized, hypophysectomized, and adrenalectomized-hypophysecto- 
mized rats. Glycogen synthesis when no insulin was added was lower than 
normal in muscle from diabetic and adrenalectomized rats and greater than 
normal in muscle from hypophysectomized, diabetic-adrenalectomized, and 
hypophysectomized-adrenalectomized rats. 

2. The percentage of the glycogen synthesized by the diaphragm derived 
from the glucose of the medium varied from 24 to 100 per cent. The dia- 
phragm can synthesize glycogen in vitro from precursors other than glucose: 
in experiments with a-labeled pyruvate as the substrate, an average of 13 
per cent of the new glycogen came from the pyruvate; in experiments with 
carboxyl-labeled acetate, however, the glycogen formed from acetate was 
less than 0.2 per cent. 

3. The individual carbon atoms of the glucose molecule are metabolised 
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to carbon dioxide at essentially the same rate, for the same results were 
obtained with either 3,4-labeled glucose or uniformly labeled glucose as 
the substrate. 

4. The rate of glucose utilization in both normal and diabetic muscle 
was increased when the concentration of glucose in the medium was in- 


creased, and the addition of insulin increased the glucose utilization at all 
glucose concentrations used. 


5. The relation of these observations to the Cori hypothesis of the ac- 
tion of insulin is discussed. 
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THE INCORPORATION OF LABELED LYSINE INTO THE 
PROTEINS OF GUINEA PIG LIVER HOMOGENATE* 


By HENRY BORSOOK, CLARA L. DEASY, A. J. HAAGEN-SMIT, 
GEOFFREY KEIGHLEY, ann PETER H. LOWY 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, December 29, 1948) 


When C"-labeled lysine is incubated with guinea pig liver homogenate, 
a-aminoadipic, a-ketoadipic, and glutaric acids are formed from the lysine 
(1). These transformations were established by finding the radioactivity 
of the C™ tracer in the metabolic products. The homogenate proteins 
coagulated by boiling at pH 5 also contained radioactivity. The counts 
given by the proteins corresponded to about 0.02 to 0.03 per cent of that 
added as lysine; the extent of lysine incorporation into the proteins was of 
the same order of magnitude as Melchior and Tarver (2) had found after 
incubating S*-labeled methionine and Winnick et al. (3, 4) C'*-labeled 
glycine with rat tissue homogenates. Yet we could not satisfy ourselves 
that the radioactivity remaining in the proteins in our experiments, al- 
though it persisted through exhaustive extraction, did not come from 
traces of adsorbed radioactive lysine. Some counts were found in the 
protein when the homogenate was boiled prior to incubation with isotopic 
lysine. 

The practical solution to the problem, it seemed, was to find experi- 
mental conditions in which very much more of the radioactivity added as 
lysine would remain in the protein after thorough washing, and little or 
no radioactivity in the protein of the controls; then we could conclude 
that the lysine was incorporated into the protein molecule and not ad- 
sorbed. The question of the mode of linkage would remain open. 

Eventually two sets of conditions were found in which relatively large 
amounts of labeled lysine are incorporated into the proteins. In the one 
case, With the whole homogenate as the enzyme system, the optimum pH 
is in the neighborhood of 6.1, and calcium is required, the optimum concen- 
tration being above 0.003 m; the reaction proceeds hardly at all without the 
addition of calcium. In the other case the enzyme system was the centrif- 
ugate obtained by centrifuging the diluted homogenate at 2500g; we 

* This work is a part of that done under contract with and joint sponsorship of the 
Office of Naval Research, United States Navy Department, and the United States 
Atomic Energy Commission. The C'* used in this investigation was supplied by the 


Monsanto Chemical Company, Clinton Laboratories, Oak Ridge, Tennessee, and 
obtained on allocation from the United States Atomic Energy Commission. 
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shall refer to it as the sedimeiited fraction. The favorable condition when 
the sedimented fraction is used is at about pH 7.3; it is nearly inoperative 
at the optimum pH region (6.1) of the whole homogenate; it is not de- 
pendent on added calcium, though it is accelerated a little by calcium 
added to a final concentration of 0.004 m. The evidence points to either 
two different reactions or to two enzyme systems or substrates which 
incorporate labeled lysine. 

In 2 hours at 38° in the whole homogenate reaction at pH 6.1 with a 
calcium concentration above 0.003 M, 3 per cent of the added radioactivity 
was incorporated into the mixed proteins, and 0.22 per cent of the lysine 
in the proteins was labeled. When the sedimented fraction was used at 
pH 7.3, in 2 hours at 38° 3 to 5 times as much labeled lysine were incor- 
porated into the proteins as with the whole homogenate. These figures 
correspond to rates respectively 60 and more than 200 times faster than 
any reported hitherto on the incorporation of a labeled amino acid into the 
proteins of tissue homogenate (2-4). It is at the lower limit of the values 
found when tissue slices (2, 5-7), tissue segments (8), or resting bacteria 
(9) were incubated with labeled amino acids. Weissman and Schoen- 
heimer (10) found after feeding labeled lysine to the rat that in 4 days 13.4 
per cent of the lysine in the proteins was derived from the isotope. This 
rate of 0.14 per cent per hour is about the same as in the guinea pig liver 
whole homogenate under our best conditions. 


Preparations 


L- and p-lysine labeled with C™ in the ¢ position were prepared by methods 
described in a previous communication (1). These were diluted before use 
with the normal (i.e. not radioactive) isomers. 


Procedure 


The livers used in these experiments were taken from commercially 
procured adult guinea pigs, kept without food for 20 hours before use, 
killed by stunning, and bled thoroughly. The liver was washed in ice- 
cold saline and, without dilution with saline, minced in a Waring blendor 
for 14 minutes, then homogenized in the apparatus of Potter and Elvehjem 
(11), and finally strained through two layers of cheese-cloth. By using 
undiluted homogenate a relatively large amount of tissue could be con- 
tained in a small volume of reaction mixture (0.5 ml. was quite convenient) 
and we could thus economize on labeled lysine. 

The sedimented fraction was prepared as follows: the homogenate was 
suspended in 15 times its volume of ice-cold Krebs-Henseleit Ringer's 
solution (12) modified to contain twice the amount of bicarbonate. It 
was centrifuged in a refrigerated centrifuge at 500g for 3 minutes, and 
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the supernatant solution decanted off and centrifuged at 2500g for 15 
minutes. The resulting supernatant solution was discarded, and the 
sediment was resuspended in a volume of the modified Ringer’s solution 
equal to that of the diluted homogenate originally used and again centri- 
fuged at 2500g for 15 minutes. 

The viscous sediment was loosened and mixed and used as such or after 
mixing with a saline-bicarbonate solution. This fraction contained nuclei, 
mitochondria, submicroscopic granules, red cells, and probably some débris 
(13). We intend later to study the incorporation of lysine (labeled) into 
the separate nuclear, mitochondrial, submicroscopic granular, and cyto- 


plasmic fractions. 


The reaction mixtures were made up in Krebs-Henseleit Ringer’s 
solution modified as indicated in the protocols. 

The reaction mixtures were made up in 20 ml. Pyrex beakers and incu- 
bated at 38° in the apparatus of Dubnoff (14). At the end of an experi- 
mental run the contents of each beaker were transferred to a 250 ml. beaker 
with 80 ml. of water, the small clumps broken with a stirring rod, and then 
20 ml. of 35 per cent trichloroacetic acid added. After standing overnight 
at room temperature the precipitated protein was washed either by filtra- 
tion or by repeated centrifugation. Both methods gave the same results. 
In the filtration procedure the protein was filtered with suction onto a 
weighed circle of filter paper on a coarse sintered glass filter. After all the 
solution had passed through, the protein remaining on the filter was washed 
with six 50 ml. portions of 7 per cent trichloracetic acid, sucked dry after 
each addition, and then washed with three 50 ml. portions of water; the 
water was then removed by washing three times with 95 per cent ethanol 
followed by ether. The proteins were dried in a vacuum desiccator over 
slid NaOH. The centrifugation procedure was as follows. The next 
day, after the protein had been precipitated with 7 per cent trichloro- 
acetic acid, most of the clear supernatant solution was removed by gentle 
suction. The remaining suspension was transferred to a weighed 15 ml. 
thick walled test-tube and centrifuged. The supernatant solution was 
poured off, and the sediment resuspended and broken up in about 12 ml. 
a 7 per cent trichloroacetic acid and centrifuged again. This was re- 
peated nine times with trichloroacetic acid and twice with acetone. The 
protein remaining in the test-tube was then dried in an air-bath at 55°. 
When there are many protein samples to be washed, the latter procedure is 
less time-consuming and requires less trichloroacetic acid. The efficacy of 
either washing procedure is attested to by the very low or negative radio- 
= of the proteins in the controls and when certain inhibitors were 


The protein, after it was dry, was weighed and ground to a fine powder. 
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For the measurement of its radioactivity 20 mg. were spread evenly on an 
aluminum plate over a circle 19 mm. in diameter marked on it. Toward 
the end of the work reported here the circle was cut into the plate as g 
shallow depression; the spreading of the protein was easier and more even, 
The thickness of the counting samples was thus 7.05 mg. per sq. cm. The 
method of measuring the radioactivity was the same as in previous experi- 


TaBLe 


Influence of Hydrogen Ion Concentration on Incorporation of Labeled Lysine into | 


Proteins of Guinea Pig Liver Homogenate 


ater sentation | Lot | Gap mictare | end | 
molal molal 

l 0.0006 | NaHCO, 0.009 O; 7.7 0.08 
0.0006 ” 0.009 “ + CO; 7.1 0.2 
0.0006 0.005 6.8 0.4 
0.0006 - 0.005 “ + CO, 6.6 0.55 
0.0006 | None “—-.* 6.6 0.60 
0.0006 | Phosphate | 0.011 6.6 ee. eas 6.6 0.6 
0.0006 0.011 6.0 6.4 0.8 
0.0006 0.011 4.5 6.1 1.0 
2 0.003 NaHCO, 0.009 7.2 1.0 
0.003 | Phosphate | 0.011 | 66 | “+ “ 6.5 1.35 
0.003 0.011 6.0 6.4 1.6 
0.003 0.011 | 5.7 | “+ “ 6.15 | 2.3 
0.003 0.011 5.6 6.05 2.4 
0.003 Succinate 0.002 5.8 pei, 6.05 2.4 
0.003 | Phosphate | 0.011 | 4.5 |) “+ “ 5.7 1.45 


Reaction mixtures incubated at 38° for 2 hours; 0.51 ml. containing 0.01 ml. o 
Ringer’s solution without bicarbonate at pH 6.0 with 0.03 um CaCl, in Experiment | 
and 0.15 m in Experiment 2; 0.1 ml. of buffer solution; 0.1 ml. of Ringer’s solution 
without bicarbonate adjusted to pH 6.5 containing 1.6 mg. of L-lysine dihydrochlo- 
ride (6100 counts per minute per mg.); and 0.3 ml. of undiluted homogenate. The pH 
values at the end of the run were after the addition of 4 ml. of water. 


ments (1). All the values given are corrected for self-absorption and are 
the averages of duplicates or triplicates; the individual values did not vary 
from the average by more than +10 per cent. 

All the glassware and the saline solutions were sterilized before use by 
autoclaving for 20 minutes under 15 pounds steam pressure. 


Results 


Influence of Hydrogen Ion Concentration—The use of undiluted live 
homogenate permitted only approximate pH control. The pH of th 
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homogenate immediately after its preparation varied between 6.9 and 7.1. 
It became acid during incubation whether under 100 per cent oxygen or 
95 per cent oxygen and 5 per cent carbon dioxide. The desired final pH 
was attained approximately by addition of buffers and incubation under 
either pure oxygen or 95 per cent oxygen plus 5 per cent carbon dioxide. 
It was found in separate trials that the pH found after incubation at 38° 
for 2 hours had been attained within half an hour. 

The data in Table I show that when the whole homogenate was used the 
proteins gave the highest number of counts when the final pH of the re- 


TaBLe II 


Influence of Hydrogen Ion Concentration on Incorporation of Labeled Lysine into 
Proteins of Sedimented Fraction of nes Pig Liver Homogenate 


_ Initial pH | | Counts per 


Buffer in which sedimented fraction was suspended | ot diluted Gas mixture Final pH min. per mg. 
fraction | protein 
Succinate, 0.025 0. +CO: 5.3 0.3 
0035 “ 6.0 0.5 
Ringer's solution without NaHCO, | 1.5 
NaHCO; 
Same 7.5 pe le 7.3 4.4 
Ringer’s solution containing 0.38% 7.9 saat, en 7.8 3.6 
NaHCO; 
Same 8.5 8.1 3.4 
8.85 8.8 3.0 


Reaction mixtures incubated at 38° for 2 hours; 0.51 ml. containing 0.01 ml. of 
Ringer’s solution without bicarbonate at pH 6.0 with 0.2 m CaCl; 0.1 ml. of Ringer’s 
solution without bicarbonate at pH 6.5 containing 1.6 mg. of L-lysine dihydrochloride 
(6100 counts per minute per mg.); 0.4 ml. of the sedimented fraction diluted with 
half its volume of buffer solution, its initial pH adjusted, and incubated under the 


gas mixture indicated. The pH values at the end of the run were after the addition 
of 4 ml. of water. 


action mixture was near 6.1. Whether bicarbonate, phosphate, fumarate, 
or succinate was used as a buffer, or whether the reaction was carried out 
under 100 per cent oxygen or 95 per cent oxygen plus 5 per cent carbon 
dioxide, the number of counts in the protein at any given pH was the 
same. 

The optimum pH with the sedimented fraction was at, or near, 7.3 
(Table II). At the optimum pH nearly twice as many counts per mg. of 
protein were found in the proteins of the sedimented fraction as in those of 
the whole homogenate. Some of the counts obtained in the whole ho- 
mogenate near or above pH 7 undoubtedly came from components of the 
sedimented fraction. 
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Influence of Calcium Concentration—Table III shows the influence of the 
concentration of calcium added to the reaction mixture. With the whole 
homogenate the counts in the protein were greater the greater the concen- 
tration of added calcium chloride up to a final concentration of 0.004 m; 
this was the case at bydrogen ion concentrations below and above the 


Taste III 


Influence of Concentration of Calcium on Incorporation of Labeled Lysine into Proteing 
of Guinea Pig Liver Homogenate 


Experiment, Homogenate fraction used added CaCl Initial pH of phosphate! pHi at end 
mixture 
molal 
1 Whole, initial pH 6.9 None 4.5 6.1 0.9 
“ 6.9 0.001 4.5 6.1 1.8 
0.002 4.5 6.1 2.0 
“ 6.9 0.003 4.5 6.0 2.3 
04 ” “ 6.9 0.004 4.5 6.0 2.5 
0.005 4.5 6.0 2.6 
6.9 0.01 4.5 6.0 2.6 
2 5.9 0.003 6.4 6.4 1.2 
“ 5.9 0.0006 6.4 6.4 0.4 
“ §.9 0.003 6.4 6.1 1.7 
“ 5.9 0.0006 6.4 6.2 0.5 
0.003 4.5 5.5 1.1 
0.0006 4.5 5.6 0.5 
3 Sedimented fraction, 0.004 | No buffer used 7.6 4.0 
initial pH 7.8 
None 7.5 3.3 


Reaction mixtures incubated under 95 per cent O; and 5 per cent CO; at 38° for 2 
hours; 0.51 ml. containing 0.01 ml. of Ringer's solution without bicarbonate at pH 
6.0 with CaCl, 51 times the final concentration given; 0.1 ml. of 0.05 s phosphate 
buffer; 0.1 ml. of Ringer’s solution without bicarbonate at pH 6.0 containing 1.6 mg. 
of L-lysine dihydrochloride (6100 counts per minute per mg.); 0.3 ml. of undiluted 
homogenate or 0.4 ml. of sedimented fraction after dilution with an equal volume of 
Ringer’s solution containing 0.38 per cent sodium bicarbonate. The pH values at 
the end of the run were after the addition of 4 ml. of water. 


optimum. There is practically no further augmenting effect of calcium 
above 0.004 m; 0.01 m calcium chloride is not inhibitory; we have not 
explored the effect of higher concentrations. 

The calcium content of guinea pig liver reported in the literature ranges 
from 0.5 to 14.9 mg. per cent (15-17). The lowest concentration of added 
calcium which permitted a maximum number of counts in the protein was 
near 0.004 m or 16 mg. per cent. Changes in calcium content, and & 
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pecially in the portion not combined with fatty acids, may, therefore, affect 
significantly the incorporation of lysine in the proteins of the liver. 


30 
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INITIAL CONCENTRATION OF ISOTOPIC LYSINE: 
MG. PER ML. IN REACTION MIXTURE 

Fic. 1. Reaction mixtures incubated under 95 per cent O,; and 5 per cent CO; at 
38° for 2 hours. Curve I, 1.01 ml. of the reaction mixtures containing 0.3 ml. of 
Ringer’s solution without bicarbonate; 0.01 ml. of Ringer’s solution adjusted to pH 
6.0, without bicarbonate but with 0.06 m CaCl,; 0.1 ml. of Ringer’s solution, adjusted 
to pH 6.0, without bicarbonate, containing the radioactive L-lysine (18,300 counts per 
minute per mg.); 0.6 ml. of undiluted homogenate. After incubation, following the 
addition of 4 ml. of water, all mixtures were at pH 6.6. Curve II, 0.51 ml. containing 
0.01 ml. of Ringer’s solution adjusted to pH 6.0, without bicarbonate but with 0.05 m 
CaCl;; 0.1 ml. of 0.05 m phosphate buffer at pFl 6.0; 0.1 ml. of Ringer’s solution ad- 
justed to pH 6.0, without bicarbonate, containing the radioactive L-lysine (18,300 
counts per minute per mg.); and (@) 0.3 ml. of undiluted homogenate, (+) 0.3 ml. 
of homogenate diluted 1:1 with Ringer’s solution without bicarbonate. After incu- 
bation, following the addition of 4 ml. of water, all mixtures were at pH 6.4. Curve 
III, 0.51 ml. containing 0.01 ml. of Ringer’s solution adjusted to pH 6.0, without bi- 
carbonate but with 0.15 11 CaCl,; 0.1 ml. of 0.05 m phosphate buffer, pH 4.5; 0.1 ml. of 
Ringer’s solution without bicarbonate, adjusted to pH 6.0, containing the radioactive 
L-lysine (9150 counts per minute per mg.); and (@) 0.3 ml. of undiluted homogenate, 
(+) 0.3 ml. of homogenate diluted 1:1 with Ringer’s solution without bicarbonate, 
and (X) 0.3 ml. of homogenate diluted 1:2 with Ringer’s solution without bicarbon- 


ate. After incubation, following the addition of 4 ml. of water, all mixtures were at 
pH 6.2. 


Table III shows that the effect of added calcium was much less on the 
sedimented fraction than on the whole homogenate. Dounce and Beyer 
(18) give the concentration of calcium in rat liver nuclei as 2.3 x 10~ 
gm. per 100 gm., wet weight, or approximately 6 X 10-'m. On the assump- 
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tion that the concentration in guinea pig liver nuclei is similar, and in 
view of the results with the whole homogenate, it seems unlikely that the 
lesser effect of added calcium on the sedimented fraction was because its 
calcium concentration was high initially. 

Influence of Concentration of Lysine—The count per mg. of the proteins 
of the whole homogenate was close to a linear function of the initial con- 
centration of labeled lysine (Fig. 1). 

This result was obtained at pH 6.2, 6.4, and 6.6, and with 0.00049, 
0.00059, and 0.0029 molal final concentrations of added CaChk. Provided 
the lysine, the CaCl, concentration, and the pH were kept constant, the 
subsequent count per mg. of the proteins was independent of the concen- 
tration of the homogenate. 


TaBie IV 


Effect of Total Amount of Labeled Lysine Available on Rate of Its Incorporation into 
Proteins of Sedimented Fraction of Guinea Pig Liver Homogenate 


i-Lysine dihydro- | 


ml. ml. ml. | ml. 
0.01 0.1 0 0.51 3.3 
0.02 0.2 0.4 1.02 | 6.7 
0.04 0.4 1.2 2.04 | 10.5 


The sedimented fraction (0.4 ml.) was used undiluted in this experiment. The 
CaCl, and lysine solutions were made up in Ringer's solutions without NaHCO, and 
adjusted to pH 6.0. The specific activity of the L-lysine dihydrochloride was 6100 
counts per minute per mg. The Ringer’s solution used for dilution contained 0.38 
per cent NaHCO;. The reaction mixtures were incubated under a mixture of 95 per 
cent O, and 5 per cent CO; at 38° for 2hours. The pH at the end of the run after the 
addition of 4 ml. of water was in every case 7.55. 


When the sedimented fraction was used, the count per mg. of protein was 
dependent on the total amount of labeled lysine in the whole volume of 
the solution and not on its concentration (Table IV). Thus with a 4-fold 
increase in the volume of the reaction mixture with the initial labeled 
lysine concentration constant and the amount (but not the concentration) 
of sedimented fraction the same, the count per mg. of the protein was 
greater the greater the volume of the reaction mixture, 1.e. the more labeled 
lysine made available to the sedimented fraction. 

Progress of Reaction with Time in Whole Homogenate—The count pet 
mg. of the protein attains, at 38°, its maximum in about 2 hours (Fig. 2). 
One factor which may be responsible for the rapid slowing down of the 
reaction is that a large fraction of the added lysine disappears. The 
major product (we have not yet identified it) is neither a-aminoadipic 
acid nor an immediate metabolic product of the latter. 
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The evidence for an additional factor which may be responsible for the 
cessation of the reactien was obtained in other experiments. After 2 
hours incubation with labeled lysine, when the reaction had come nearly 
toa stop, the protein gave 2.4 counts per minute per mg. At this point 
the concentration of the isotope was increased to 4 times the initial value. 
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Fic. 2. Reaction mixtures incubated under 95 per cent O, and 5 per cent CO, at 
38°. Curve I, 0.51 ml. containing 0.01 ml. of Ringer’s solution without bicarbonate 
at pH 6.0 with 0.03 m CaCl,; 0.1 ml. of 0.05 m phosphate buffer at pH 6.0; 0.1 ml. of 
Ringer’s solution without bicarbonate adjusted to pH 6.0 containing 0.26 mg. of radio- 
active L-lysine dihydrochloride (12,200 counts per minute per mg.); 0.3 ml. of un- 
diluted homogenate. After incubation, following addition of 4 ml. of water, all 
mixtures were at pH 6.4. Curve IT, 0.51 ml. containing 0.01 ml. of Ringer’s solution 
without bicarbonate at pH 6.0 with 0.25 m CaCl;; 0.1 ml. of 0.05 m phosphate buffer at 
pH 4.5; 0.1 ml. of Ringer’s solution adjusted to pH 6.0, with bicarbonate, containing 
2.13 mg. of L-lysine dihydrochloride (6100 counts per minute per mg.); 0.3 ml. of un- 
diluted homogenate. After incubation, following addition of 4 ml. of water, all mix- 
tures were at pH 6.2. The zero counts shown at zero time in Curves I and II are 
experimental determinations. 


After another 2 hours incubation the count would be expected to be in- 
creased 4-fold in view of the almost linear relation between protein count 
and initial concentration of labeled lvsine (Fig. 1), if the reaction system 
were in the same state after 2 hours as at the beginning. The count found, 
however, was only 3.7 per minute per mg. The increase was only 33 
instead of the expected 400 per cent. Among the possible explanations, 
one is that most of the enzymatic activity is lost after 2 hours incuba- 
tion; another is that the reaction is not an exchange of lysine in the protein 
but a combination to saturation at loci on the protein capable of combining 
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with lysine, and that after 2 hours incubation with the initial addition of 
lysine it is nearly saturated. The almost linear relation in Fig. 1 argues 
against the latter interpretation, but it is not decisive. 

Controls and Inhibitors—Boiling destroys most of the enzymatic activity 
in both the whole homogenate and in the sedimented fraction (Table V),. 


TaBLe V 


Effect of Boiling Homogenate Fraction and of v- instead of L-Lysine on Incorporation 
of Labeled Lysine into Proteins of Guinea Pig Liver Homogenate 


Treatment of | 1 | 
Experiment Homogenate fraction used |, POMOREMALE | isomer added CaCh)PH at ner mg 
molal 
1 Whole homogenate None L 0.0029 6.1 2.5 
Boiled 0.0029 6.1 0.04 
2 None | 0.00059 | 6.5 1.2 
Boiled “ 0.00059 6.5 0.08 
3 None “ | 0.0029 6.1 2.5 
|0.0020 | 6.1 | 0.6 
4 | 0.00059 | 6.5 1.2 
“ “ | 0.00059) 6.5 | 0.5 
5 Sedimented fraction 0.0039 6.8 3.0 
| Boiled | “ 0.0039 6.8 0.1 
6 “ None | “ | 0.00399 | 7.8 | 3.65 
« Boiled | “ |0.0099 | 7.8 | 0.2 


Reaction mixtures incubated under 95 per cent O, and 5 per cent CO, at 38° for 2 
hours; 0.51 ml. containing 0.01 ml. of Ringer’s solution without bicarbonate at pH 
6.0 with CaCl, 51 times the molalities given; 0.1 ml. of 0.05 a1 phosphate at pH 45 
in Experiments 1 and 3, and at pH 6.0 in Experiments 2 and 4; 0.1 ml. of Ringer's 
solution without bicarbonate at pH 6.5 containing 1.6 mg. of L- or p-lysine dihydro- 
chloride (12,209 counts per minute per mg. in Experiments 1 and 4, and 6100 counts 
per minute per mz. in the others); 0.3 ml. of undiluted homogenate in Experiments | 
to 4, 0.4 ml. of sedimented fraction after dilution with half its volume of Ringer's 
solution without bicarbonate and adjusted to pH 7.0 in Experiment 5, but with 0.38 
per cent sodium bicarbonate and adjusted to pH 7.9in Experiment 6. The pH values 
at the end of the run were after the addition of 4 ml. of water. 


The procedure in this test. was to transfer the whole homogenate or the 
sedimented fraction to the reaction vessel, immerse it in a boiling water 
bath for 15 minutes, cool, add the other components of the reaction system, 
stir them together thoroughly with a stirring rod, and then incubate. 
It will be noted that Table V ascribes some residual activity to the heated 
preparations. In the case of the whole homogenate the values given were 
not significantly above the background count;! they were significantly 
above the background in the boiled sedimented fractions. 


1A sample is usually counted for 30 minutes. The background count in this 
interval is about 330. We do not consider a sample to have a count significantly above 
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The proteins gave some counts when b-lysine was used instead of L- 
lysine (Table V). ‘he count was always much less than in the corre- 
sponding L experiment, and could be accounted for largely by the 7 to 15 
per cent? of the tL form in the D preparation used. From the results of 
feeding experiments (19) it would be expected that isotopic p-lysine would 
not be incorporated, if the sole reason for the indispensability of lysine is 
its incorporation into protein. 

The experiments with boiled whole homogenate and sedimented fractions 
were also a check on the efficacy of the procedure used to wash out labeled 
lysine, which was not combined with protein. The zero counts at zero 
time shown in Fig. 1 provided evidence to the same effect. The experi- 
ments with labeled p-lysine served this purpose also to some extent. 

Table VI summarizes experiments on the effects of anaerobiosis and of 
some oxidation inhibitors. Anaerobiosis does not inhibit the incorporation 
of lysine into the proteins of the whole homogenate; it does so, but only 
incompletely, in the sedimented fraction. 0.02 m fluoride inhibits almost 
completely in the whole homogenate and only slightly in the sedimented 
fraction. Arsenate, arsenite, azide, cyanide, and dinitrophenol (all in 
0.001 m concentration) inhibit in the whole homogenate to varying degrees, 
all short of completion, and less so or not at all in the sedimented fraction. 
Similar results were obtained with the whole homogenate with the different 
inhibitors whether the concentrations of calcium and of hydrogen ion were 
optimum or suboptimum. 

The fluoride inhibition in the whole homogenate was examined in more 
detail (Table VII). The results with 0.01 m fluoride show that fluoride 
was more effective at pH 6.2 than at 6.6. Rothschild (20) observed that 
fluoride inhibition of lipase was greater the lower the hydrogen ion concen- 
tration. Runnstrém and Sperber (21) found the same on the fermentation 
aud respiration of yeast, and Warburg and Christian (22) on enolase. 

Experiment 2 in Table VII was designed to test whether calcium and 
fluoride bear the same relation to the enzyme system in the whole ho- 
mogenate as do magnesium and fluoride to enolase. Warburg and 
Christian showed that magnesium ion activates enolase and also increases 
the inhibition by fluoride. Their interpretation was that magnesium ion 
forms an enzymatically active complex with enolase protein and that 
magnesium, fluoride, and enolase protein form an inactive complex. Ina 
quantitative study of the inhibition they found, in support of their inter- 
pretation, an equilibrium constant between the concentration of mag- 


the background unless its excess over the background is more than 3 times the 
standard deviation of the latter, in practice, 14 counts per minute or more. 

*The optical rotation of the L preparation was [alp = +15.95°, in water, c = 5.46; 
and of the p preparation, [alp = —13.5°, in water, c = 4.47. The latter figure was 
the less reliable, as we had only a little of the p preparation. 
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Taste VI 


Effect of Oxidation Inhibitors on Incorporation of Labeled Lysine into Proteins of 
Guinea Liver Homogenate 


Experiment pitas Inhibitor, concentration in reaction Degree of 
| in mixture protein i 
molal | per cent 
1 0.00059 | 6.5 None 
0.00059 | 6.5 Anaerobiosis 1.25 
2 0.0049 6.6 None | 0.81 
0.0019 Anaerobiosis | 0.77 5 
0.0049 6.6 Sodium arsenate (0.001 m) 0.59 27 
0.0049 6.6 “ arsenite (0.001 “ ) 0.27 67 
0.0049 6.6 “azide (0.001 “) 0.46 43 
0.0049 6.6 Potassium citrate(0.005 “ ) 0.82 0 
0.0049 6.6 Sodium cyanide (0.001 “) 0.70 14 
0.0049 6.6 ms fluoride (0.02 m) 0.04 95 
3 0.0049 6.2 None 2.5 
0.0049 6.2 Anaerobiosis 2.4 4 
0.0049 6.2 Sodium arsenate (0.001 m) 1.9 24 
0.0049 6.2 “ arsenite (0.001 “) 1.2 52 
0.0049 6.2 “ aside 0.001“) | 2.0 20 
0.0049 6.2 “ fluoride (0.02 m) 0.1 96 
~0.0049 6.2 Dinitrophenol (0.001 m) 1.8 28 
4 0.0039 7.7 None 5.1 
0.00389 7.7! Anaerobiosis 3.9 4 
0.0039 | 7.7 Sodium arsenate (0.001 5.0 2 
0.0039 7.7 “ arsenite (0.001 “) 5.1 0 
0.0039 “ azide (0.001 “) 4.7 
0.0039 7.7 “ fluoride (0.02 m) 4.4 14 
0.0039 7.7 Dinitrophenol (0.001 5.4 0 


Reaction mixtures incubated at 38° for 2 hours. The aerobic experiments were 
incubated under 95 per cent O, and 5 per cent CO,; the anaerobic experiments under 
95 per cent N; and 5 per cent CO,. 0.52 ml. of the reaction mixtures containing 0.0! 
ml. of Ringer’s solution without bicarbonate at pH 6.0 with CaCl, 51 times the con- 
centration given; 0.1 ml. of 0.1 m phosphate buffer at pH 6.0 in Experiments 1 and 2 
and at pH 4.5 in Experiment 3; 0.1 ml. of Ringer’s solution without bicarbonate at 
pH 6.0 containing 1.6 mg. of L-lysine dihydrochloride (12,200 counts per minute per 
mg. in Experiment 1, and 6100 counts in Experiments 2 to 4); 0.3 ml. of undiluted 
whole homogenate in Experiments 1 to 3, and 0.4 ml. of sedimented fraction after 
dilution with half its volume of Ringer’s solution containing 0.38 per cent sodium 
bicarbonate and its pH adjusted to 7.9 in Experiment 4; 0.01 ml. of Ringer’s solution 
without bicarbonate at pH 6.0 with the inhibitors 51 times the molalities given. The 
= values at the end of the run were after the addition of 4 ml. of water. 

* (Counts without inhibitor) — (counts with inhibitor) x 100 


(Counts without inhibitor) 


nesium and fluoride ions und the degree of inhibition. Najjar (23) found 
the same relations between magnesium, fluoride, and phosphoglucomutas 
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activity, and gave the same interpretation. The data in Experiment 2 of 
Table VII show that the degree of inhibition by 0.01 m fluoride was the 
same in 0.005 M as in 0.001 mcalcium. A calcium-fluoride-enzyme complex, 
which is inactive, as an explanation of the fluoride inhibition appears, 
therefore, to be excluded. 

The following metabolites and salts neither accelerated nor inhibited 
the reaction in the whole homogenate, at either pH 6.6 with 0.0006 m 


TaBie VII 


Inhibiting Effect of Fluoride on Incorporation of Labeled Lysine into Proteins of Guinea 
Pig Liver Homogenate 


| Concentration of NaF | 


No.) in, | concentration in ipl at end of run protaia 
molal molal | per cent 
1 | 0.00059 None 6.6 1.21 
0.00059 0.02 6.6 0.04 97 
0.00059 0.01 6.6 0.64 47 
0.00059 0.0025 6.6 0.94 22 
0.00059 0.001 6.6 1.22 0 
2 0.0049 None 6.2 1.99 
0.0049 0.02 6.2 0.12 Ot 
| 0.0049 0.01 6.2 0.69 65 
| 0.001 None 6.2 0.83 
0.001 0.02 6.2 0.08 96 
0.001 0.01 6.2 0.30 64 


Reaction mixtures incubated under 95 per cent O; and 5 per cent CO; at 38° for 2 
hours; 0.52 ml. containing 0.01 ml. of Ringer’s solution without bicarbonate at pH 
6.0 with CaCl, 51 times the molality given; 0.01 ml. of Ringer’s solution without 
bicarbonate at pH 6.0 with sodium fluoride 51 times the molality given; 0.1 ml. of 
0.05 m phosphate buffer at pH 6.0 in Experiment 1 and at pH 4.5 in Experiment 2; 
0.1 ml. of Ringer’s solution without bicarbonate at pH 6.0 containing 1.6 mg. of 
L-lysine dihydrochloride (12,200 counts per minute per mg. in Experiment 1, and 6100 
counts per minute per mg. in Experiment 2); 0.3 ml. of undiluted homogenate. The 
pH values at the end of the run were after the addition of 4 ml. of water. 


added CaCl, or at pH 6.1 with 0.003 m added CaCk, nor did they relieve 
either the fluoride or arsenite inhibitions (the figures in parentheses are 
final concentrations in the reaction mixture): adenosine triphosphate 
(0.001 m1), coenzyme I (20 mg. per cent), potassium citrate (0.005 ), 
creatine (200 mg. per cent), cysteine (0.005 m), cytochrome (65 mg. per 
cent), fumarate (0.005 m), p-glucose (100 mg. per cent), glucose-1-phos- 
phate (75 mg. per cent), glutathione (300 mg. per cent), glycerophosphate 
(0.005 m), hexose diphosphate (180 mg. per cent), a-ketoglutarate (0.005 to 
0.01 u), oxalacetate (0.005 , slightly inhibitory), 2-phosphoenolypyruvate 
(0.005 m), 3-phosphoglycerate (0.005 m), pyridoxal phosphate (50 to 250 
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mg. per cent), pyridoxine (1 to 10 mg. per cent), pyruvate (0.005 wy), 
CoC}, (0.00005 to 0.0005 mu), CuCl, (0.0005 to 0.005 mu), MgCl, (0.0005 to 
0.005 m), MgSO, (0.00005 to 0.0005 m), MnCl, (0.0005 to 0.005 m), ZnCl, 
(0.0005 to 0.005 m). Replacement of all the sodium by potassium salts 
and vice versa in the Ringer’s solution similarly neither accelerated nor 
inhibited the reaction. 

We investigated whether the counts in the proteins of the whole ho. 
mogenate were incorporated as lysine or in some other form. 300 mg. of 
the protein, giving a total of 360 counts per minute, were hydrolyzed by 
refluxing for 20 hours with 20 per cent hydrochloric acid. The lysine was 
isolated as the picrate by Block’s modification (24) of the Kossel pro. 
cedure: this is a specific and standard method for the isolation of lysine. 

The lysine picrate isolated gave, after one recrystallization from water, 
the following elementary analysis. 


Ci2HizOsN,. Calculated. C 38.36, H 4.57, N 18.66 
375.30 Found. ** 38.29, “* 4.47, “ 18.46 


The picrate gave 20 counts per minute per mg. of lysine; further re- | 


crystallization did not change this count. According to Block and Bolling 
(24) the lysine content of liver proteins is 6.3 per cent. On the basis that 
all the counts in the protein came from the lysine, its 360 counts correspond 
to a “‘calculated”’ count of its lysine of 19 counts per minute pe» mg., which 
is the value found in the iysine isolated, within the accuracy of the measure- 
ment. 

Another portion of the protein was hydrolyzed in the same manner and 
then precipitated with phosphotungstic acid. The precipitate gave 330 
counts per minute; the protein before hydrolysis gave 360 counts; the 
filtrate from the phosphotungstic precipitate gave no counts. 

On the basis of the foregoing data the lysine incorporated accounted 
for all the radioactivity of the protcin. 

A measure of the extent to which a labeled amino acid is incorporated 
into a protein is the fraction of that amino acid isolated from the protein 
found to be carrying the label. In the foregoing instance the lysine iso 
lated gave 20 counts per minute per mg. The lysine added to the ho 
mogenate gave 9150 counts per minute per mg. 20/9150 xX 100 or 0.22 
per cent of the lysine in the protein was, therefore, labeled. Nearly all of 
this incorporation occurred in the Ist hour of incubation (Fig. 2). 


DISCUSSION 


Studies we have now in hand with labeled leucine and glycine caution 
against generalizing from the findings on labeled lysine to the incorporation 
of other amino acids into homogenate proteins. Leucine and glycine, 
under the best conditions we have found so far for lysine, are i 
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far more slowly than lysine; this is the case both with the whole homogenate 
and the sedimented fractions of guinea pig and rat liver. 


SUMMARY 


1. Two sets of conditions were found in guinea pig liver homogenate in 

which L-lysine (labeled with C* in the € position) is incorporated into the 

ins in relatively large amounts. In one case the enzyme system was 

the whole homogenate, in the other the precipitate obtained by centrifuging 
the 15-fold diluted homogenate at 25009. 

2. Characteristics of the reaction with the whole homogenate are as 


_ follows: its optimum pH is approximately 6.1; the presence of calcium is 


obligatory, the concentration of the latter for maximum activation being 


approximately 0.004 m; 0.01 m does not inhibit; the reaction proceeds as 


well in nitrogen as in oxygen; it is inhibited nearly completely by 0.02 mu 
fluoride, 50 per cent by 0.001 m arsenite, and somewhat less by 0.001 m 


 atsenate, azide, cyanide, and dinitrophenol; the concentration of t-lysine 
- incorporated into the proteins is approximately a linear function of the 
_ lysine concentration and is independent of the concentration of the ho- 


mogenate. 

3. Characteristics which differentiate the reaction with the sedimented 
fractions from that with the whole homogenate are as follows: its optimum 
pH is near to 7.3; the reaction is accelerated only a little by calcium, and 
the presence of calcium is not obligatory; it proceeds more slowly under 
nitrogen than under oxygen, but is not completely inhibited by anaer- 
obiosis; it is inhibited slightly by 0.02 m fluoride, and practically not at all 
by 0.001 m arsenate, arsenite, azide, or dinitrophenol; the concentration 
of lysine incorporated is a function of the amount of lysine in the total 
volume of the solution in which the sedimented fraction is suspended. 

4. The rate of incorporation of labeled lysine into the proteins of the 
whole homogenate is approximately the same as that in vivo; after 1 hour’s 
incubation at 38° about 0.15 per cent of the lysine in the proteins is labeled. 
This rate is 60 times faster than any hitherto reported in whole homogenates 
for other amino acids. 

5. The rate of incorporation of labeled lysine into the proteins of the 
sedimented fraction, under the most favorable conditions for the latter, is 
several times that in the whole homogenate under its most favorable 
conditions. 

6. All the radioactivity found in the proteins of the whole homogenate was 
accounted for as labeled lysine. 


The microanalyses were carried out by Mr. G. Swinehart. The authors 


were assisted by A. A. Dvorsky, H. E. Jeffrey, M. Keighley, and A. 
Tollestrup. 
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A PEPTIDE FRACTION IN LIVER* 


Br HENRY BORSOOK, CLARA L. DEASY, A. J. HAAGEN-SMIT, 
GEOFFREY KEIGHLEY, anp PETER H. LOWY 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, December 29, 1948) 


We reported in a preliminary communication (1) the isolation of a pep- 
tide fraction from guinea pig liver. The following points of interest ap- 


peared at once: many different amino acids were obtained on hydrolysis; 


the peptide fraction contained most of the indispensable amino acids, which 
indicated that it probably is important in protein metabolism; when guinea 
pig liver homogenate was incubated with C-labeled glycine, leucine, or 
lysine, these were rapidly incorporated into this peptide fraction,’ which 
is further evidence that it is metabolically active; the peptide fraction had 
not been described hitherto; a fraction containing one or more large pep- 
tides can be separated from so complex a mixture as liver homogenate by 
starch chromatography. 

We have not yet established whether the peptide fraction obtained by 
chromatographic isolation is a mixture which chromatographs as a unit or 
whether it consists of a single peptide. The following evidence favors the 
latter alternative. The fraction was precipitated by picric, flavianic, or 
trichloroacetic acids; after removal of the precipitating acid the fraction 
behaved the same chromatographically as it did before. Its amino acid 
composition was not demonstrably different before or after precipitation 
with picric acid nor before or after precipitation with ether from aqueous 
ethanol. The same chromatographic peptide fraction was found in the 
liver of fish, beef, guinea pig, hog, horse, lamb, and rat, and in guinea pig 
blood, diaphragm, heart, kidney, and spleen; this fraction from such widely 
diferent sources contained the same amino acids and their relative pro- 
portions were similar. Furthermore we have found this fraction to be one 
) of the major products arising in the peptic hydrolysis of bovine serum albu- 
min, bovine y-globulin, casein, fibrin, insulin, and ovalbumin. (The de- 
tails of this finding will be presented in a later communication.) Data are 
presented below on the peptide fraction isolated from Witte’s peptone 


*This work is a part of that done under contract with and joint sponsorship of 
the Office of Naval Research, United States Navy Department, and the United States 
Atomic Energy Commission. The C™ used in this investigation to label amino 
scids was supplied by the Monsanto Chemical Company, Clinton Laboratories, Oak 
Ridge, Tennessee, and obtained on allocation from the United States Atomic Energy 

ion. 

'The details of these findings will be reported later. 
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(which is derived from a peptic hydrolysate of fibrin). Its chemica! 
behavior and amino acid composition were similar to those of the same chro. | 
matographic fraction obtained from liver. The foregoing evidence indj. 
cates that the chromatographic fraction is an operational entity; tents. 
tively it will be considered as such pending further evidence from chemica)_ 
and metabolic studies now in hand. 

We have designated this fraction as Peptide A. There are other meta. 
bolically active peptides in liver which we are now engaged in identifying, 

In view of the fact that this peptide fraction is an operational entity in 
a number of respects, the present communication describes methods o 
isolation, some of its physical and chemical properties, the amount in the | 
liver of a number of different animals and in some guinea pig tissues, and _ 
its amino acid composition as obtained by different methods and from 
different sources. | 


Procedure 


The tissues used were those of adult guinea pigs and of white rats pro- 
cured from several commercial] and laboratory sources, of fish from a can 
nery,? and of abattoir beef, hog, horse, and lamb. | 

The guinea pigs and rats were killed by stunning and bled. The guine 
pig tissues and rat livers were chilled and worked up immediately. The 
livers of other animals were frozen with solid CO; a few minutes after re. 
moval from the animals and kept frozen until they were worked up. 

The tissue was first disintegrated in a Waring blendor and then homo 
genized in the apparatus of Potter and Elvehjem (2). The homogenate 
was diluted with 25 times its weight of water, the pH adjusted to 5.0, and 
then boiled for 10 minutes. The coagulated protein was removed by fi- | 
tration and reextracted three times by boiling with water. The original 
filtrate and the washings were combined and concentrated to dryness by 
distillation tn vacuo at a bath temperature of 50°. 

The residue was then chromatographed on starch by the method of Stein 
and Moore (3). Amino acids, peptides, and other substances are eluted 
from a starch column by a continuous flow of a selected solvent. Different | 
substances appear in the eluent, separately or in groups in a definite order. 
The eluent is collected in fractions. When these are analyzed with nit- 
hydrin reagent, the intensity of color is proportional to the amount of amino 
nitrogen in the fractions. This intensity of color (conveniently expressed 
in terms of amino nitrogen on the basis of an amino acid standard), whet 
plotted consecutively against volume of effluent which has emerged, givé 


* For which we wish to thank Dr. E. Geiger, Van Camp Laboratories, Termias! 
Island, California. 
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a “spectrum” consisting of bands of varying width and height (Fig. 4). 
The total color in the band tells the amount of substance. 

Chromatography of Tissue Extracts: Peptide A Fraction—The following 
isan example of the quantities of tissue, starch,’ and solvents used. The 
dried residue of the non-protein filtrate from 25 gm. of liver was dissolved 
in 1.5 ml. of N HCI and 30 ml. of a solvent mixture consisting of 1 part of 
0.1 x HCl, 2 parts of n-propanol, and 1 part of n-butanol (4). This solu- 
tion was transferred to the top of a column containing 1 kilo of starch, and 
forced into it with slight air pressure; the sides of the column were washed 
down with three small portions of the HCl-propanol-butanol mixture, each 
washing being forced into the top of the column before the next was added. 
The same solvent mixture was used for elution. 

The dimensions of the starch column were 80 X 300 mm. ‘The rate of 
fow of eluent was 75 to 90 ml. per hour. This rate was obtained by ad- 
justing the pressure to 10 to 15 cm. of Hg, applied by either air or nitrogen. 

0.5 ml. aliquots of the fractions were analyzed by the modification by 
Moore and Stein (5) of the ninhydrin method. 

Chromatography of Hydrolysates—F or the determination of the amino acid 
composition of the Peptide A fraction, 2 to 8 mg. were hydrolyzed by 
refluxing with 20 per cent HCl at a bath temperature of 150° for 20 hours. 
After removal of the excess acid the dry residue was chromatographed on 
a7 to 10 X 300 mm. starch column, containing 21 to 25 gm. of starch, 
with the HCl-propanol-butanol solvent mixture as eluent. The rate of 
flow was adjusted to 1 to 2.5 ml. per hour; three fractions were collected 
per hour. After about 200 such fractions the following amino acids (if 
present) have been eluted, and in this order: leucine, isoleucine, pheny]l- 
alanine, tryptophan, methionine, tyrosine, valine, proline, glutamic acid, 
alanine, threonine, aspartic acid, serine, and glycine. 

At this point, it is possible by changing the eluent to a mixture consisting 
of 2 parts of n-propanol and 1 part of 0.5 Nn HCl to accelerate the emer- 
gence of ammonia, the bases, and cystine (4). In our experience the sub- 
sequent chromatogram was often ragged. This procedure was useful 
nevertheless; it indicated the presence of the bases and it permitted com- 
putation of the total amino nitrogen (reacting with ninhydrin) after acid 
hydrolysis. Other methods were used to establish the identity of the 


_ ammonia and amino acids emerging after the change in eluting solvent. 


Chromatographic Isolation of Peptide A Fraction—The Peptide A fraction 
is eluted from the starch column by the HCl-propanol-butanol solvent 
mixture a short time before the first free amino acid, which is leucine (Fig. 


*Two batches of white potato starch were used: one was obtained from the Amend 
Drug and Chemical Company, Inc., New York; the other was manufactured by the 
Idaho Potato Starch Company, Blackfoot, Idaho. 
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1). When the peptide fraction is rechromatographed, it emerges again 
in the same place (Fig. 2). | 

Distribution of Peptide A Fraction—Table I gives figures on the amounts 
of Peptide A fraction found in the livers of a number of animals and ing 
number of guinea pig tissues. The non-protein extracts were prepared. 
and chromatographed as described above. The figures in the second 


PEPTIDE A 


SO/t N3S0YLIN 


"400 500 600 700 800 900 1000 
EFFLUENT ML. 

Fic. 1. Chromatographic separation of the Peptide A fraction from the non-proteit 
filtrate of guinea pig liver. The first portion of the chromatogram of the non-proteis 
filtrate from 23 gm. of guinea pig liver. Solvent, 1:2:1, 0.1 x HCl-n-propanol-- 
butanol; column, 1000 gm. of starch, diameter 80 mm., height 300 mm. The eluent 
was collected in 32 ml. fractions; 0.5 ml. aliquots were analyzed. The concentration 
of amino nitrogen calculated from the ninhydrin color referred to that given by th 
leucine standards. One-half of the combined fractions between the vertical dotted 
lines was rechromatographed (see Fig. 2). 


column were obtained by converting the total color given with the nit- 
hydrin reagent in the fractions comprising the Peptide A band into amin 
nitrogen on the basis of the leucine standards. The figures in the las 
column were obtained from those in the second by applying the facto 
6.5 y of amino nitrogen = 1 mg. of peptide. This factor was given by | | 
preparations of the peptide fraction isolated by a number of different pro | 


} 
| 
ISOLEUCINE 


BORSOOK, DEASY, HAAGEN-SMIT, KEIGHLEY, AND LOWY 


709 


cedures described in the next section. The figures for mg. per cent of the 

tide fraction are maximum values and probably are somewhat too 
high; a small admixture of material of low molecular weight giving color 
with the ninhydrin reagent would result in a great magnification of the 
amount of peptide estimated by applying the factor 6.5 y = 1 mg. of pep- 
tide. This reservation does not, in view of all the evidence, invalidate the 
use of the ninhydrin values as an indication of the relative amounts of the 


PEPTIDE A 
LS} 
© 10 
LEUCINE 
03 
= 
0 5 10 iS 20 
EFFLUENT ML 


Fic. 2. The Peptide A fraction isolated as shown in Fig. 1 rechromatographed with 
0.3 mg. of leucine added. Solvent, 1:2:1,0.1.N HCl-n-propanol-n-butanol; column 
21 gm. of starch, diameter 7 mm., height 275 mm. The eluent was collected in 0.35 
ml. fractions; a whole fraction was analyzed. 


peptide fraction in different tissues. On this basis the data in Table I 
indicate that liver contains large amounts of the Peptide A fraction; spleen 
isalmost as rich, and there is little or none in striated skeletal muscle. 
Physical and Chemical Properties and Chemical Isolation of Peptide A 
Praction—The properties described in this section are those of the Peptide 
A fraction from guinea pig liver, rat liver, and from Witte’s peptone. We 
found no difference between them. We shall in this section for convenience 
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refer to this fraction as if it were a single peptide; as stated above it may 
consist of a number of peptides of similar composition and behavior. The 
peptide is soluble in water; its hydrochloride is soluble in 80 per cent ethg. 
nol and in absolute methanol; it is precipitated from solution in the two 
latter solvents by ether. As was to be expected from its amino acid com. 


position, it gives a picrate and a flavianate. It is precipitated by high con. | 


centrations (10 to 20 per cent) of trichloroacetic acid; dilute solutions of 
the peptide are less completely precipitated than concentrated solutions, 
It gives a purple biuret test, and positive tests with Millon’s and Hopkins. 
Cole reagents. 


TaBLeE 
Peptide A Fraction in Some Animal Tissues 


Amino ni- 
tissue, wet wet weight’ 
weight 
- “ striated muscle of abdominal wall................. 0 0 
* The values in this column were obtained by applying the factor 6.5 + of amino 


nitrogen (ninhydrin) = 1 mg. of Peptide A. 


The foregoing physical and chemical properties provided several methods 
for isolating the peptide, either from starch and other materials in the 
HCl-propanol-butanol mixture in which it was eluted from the stare 
column, or, when Witte’s peptone was the source, from other materials 1 
the peptone mixture. The preparations obtained by the following isdl- 
tion procedures are not to be construed as pure. 

The chromatographic Peptide A fraction of 25 gm. of either guinea pig 
or rat liver was dried in a current of air. The residue was stirred in 10 m1. 
of 95 per cent ethanol, and water was then added dropwise until practically 
all the material was dissolved. This was centrifuged and to the cles 
supernatant solution ether was added dropwise until a heavy precipitate 
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The precipitate was submitted to the same procedure twice 
more, then washed with ether, and dried. The dried material, assayed 
with the ninhydrin reagent, gave 6.5 y of amino nitrogen per mg. It gave 


before hydrolysis the same chromatogram as the original Peptide A frac-. 
tion. Fig. 5 is the chromatogram of the preparation from rat liver after 


it was hydrolyzed. 
PEPTIDE A 
12} 
= 
S 
4 
5 
x 4 02 MG 
n 
= 
4: 
2 
i0 20 
EFFLUENT ML 


Fic. 3. Chromatogram of the Peptide A fraction isolated via the picrate from 
Witte’s peptone as described in the text. 8 mg. chromatographed with 0.2 mg. of 
added leucine. Solvent, 1:2:1, 0.1 nN HCl-n-propanol-n-butanol; column, 25 gm. of 
starch, diameter 9 mm., height 290mm. The eluent was collected in 0.6 ml. fractions; 
05m). aliquots were analyzed. 


Peptide A was isolated as the picrate from the starch column eluate of 
the non-protein fraction of guinea pig liver and from Witte’s peptone which 
had not been chromatographed. After the eluent fraction was evaporated 
to dryness, the subsequent procedure was the same in the isolation from 
both sources. To the aqueous solution of the eluent fraction or of Witte’s 
peptone a saturated aqueous solution of picric acid was added until maxi- 
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mum precipitation had occurred. After standing overnight in the refriger. 
ator the suspension was centrifuged, the precipitate dissolved in a mini- 
mum amount of HCl and the picric acid extracted with ether. Ethanol 
was then added to a final concentration of 80 per cent and the peptide pre. 
cipitated with ether as described above. Data on these preparations are 
given in Figs. 3 and 6 and in Table II. 

The simplest isolation from Witte’s peptone was as follows. 200 mg, 
dissolved in 50 ml. of water, were precipitated with 10 per cent (final con- 


centration) of trichloroacetic acid. The trichloroacetic acid was removed _ 


from the precipitate with ether, and the residue was dried with absolute 
ethanol and ether. The yield was 14 mg. The chromatogram before 
hydrolysis was the same as that of all other preparations of the Peptide 
A fraction; 6.5 y of amino nitrogen (by ninhydrin) per mg. were obtained. 

A preparation isolated from Witte’s peptone via the flavianate gave the 


same amino nitrogen value and the same chromatogram. 2.0 gm. of | 


Witte’s peptone were suspended in 70 ml. of absolute methanol; 0.7 ml. of 
concentrated HCl was added and after thorough shaking the mixture was 
centrifuged. The precipitate was suspended in a fresh 70 ml. portion of 
methanol and 0.7 ml. of HCl and the extraction was repeated. In all, 


five such extractions were made, the residue from one extraction being used | 
for the next. Twice the volume of absolute ether was added to the com- | 
bined supernatant solutions. The precipitate was separated by centr- — 


fuging and then dried. It weighed 620 mg. 200 mg. of the dried pre- 
cipitate were dissolved in 2 ml. of water, and to the solution were added 


100 mg. of flavianic acid in 2 ml. of water. The gummy, orange precipitate _ 


was separated from the yellow supernatant liquid by centrifuging. 0.2% 


H.SO, was added to the precipitate until it was strongly acid and the — 


flavianic acid was extracted with amy] alcohol. The clear residual solution 


was treated with Ba(OH), to remove the sulfate and with CO, to remove — 


the excess barium and was then evaporated to dryness. The yield was 
30 mg. 

Amino Acid Composition of Peptide A Fraction—The amino acid compe- 
sition of the Peptide A fraction was determined by starch chromatography 


after acid hydrolysis as described above. The results are given in Figs | 


4, 5, and 6 and in Table II. The material hydrolyzed was either that it 
the central region of the Peptide A band of the non-protein filtrate of 
tissue or the preparations isolated as described in the previous sectioo 
Moore and Stein (5) give the positions of the different amino acids in the 


chromatogram obtained by elution first with HCl-propanol-butangl an | 


then with propanol-HCl. We have used a number of tests to check thes 
positions and have confirmed Moore and Stein completely. C'-labeled 
leucine and glycine (and lysine, not shown in Figs. 4, 5, and 6) were added 
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was of guinea pig liver shown in Fig. 1. Solvent, 1:2:1, 0.1 N HCl-n-propanol-n-butanol; 
n of column, 25 gm. of starch, diameter 9 mm., height 298 mm. The eluent was collected 
all in 0.55 ml. fractions; 0.5 ml. aliquots were analyzed. The portion of the chromato- 
avr gram after the glycine band is not shown. 
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mpo- Fic. 5. Chromatogram of the hydrolyzed Peptide A fraction from rat liver first 


aphy isolated from the chromatographic Peptide A fraction by dissolving the dried residue 
| ofthe fraction in ethanol and then precipitating with ether as described in the text. 
2 mg. of the dried precipitate were hydrolyzed and chromatographed. Solvent, 
12:1, 0.1 N HCl-n-propanol-n-butanol; column, 25 gm. of starch, diameter 9 mm., 
> of 8 height 279 mm. The eluent was collected in 0.9 ml. fractions; 0.5 ml. aliquots were 
ction analyzed. The portion of the chromatogram after the glycine band is not shown. 


| and _ to aliquots of a hydrolysate and the coinciding radioactivity and nin- 
‘thee | hydrin peaks found in the fractions of eluent. Leucine, tyrosine, proline, 
_ threonine, aspartic acid, serine, and glycine were located by a loading pro- 
added , cedure. A relatively large amount of one amino acid was added to an 


| 
in the 
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aliquot of a hydrolysate; this loaded aliquot and another to which y 
addition was made were chromatographed at the same time on two separat, 
columns. The chromatograms of the two portions of the hydrolysate wer 
the same except for the heightened peak in one, corresponding to the amin 
acid added. 

Proline gives a yellow color with the ninhydrin reagent. The presence 
in the peptide fraction (but not the location in the hydrolysis chromato. 
gram) of tryptophan (6), methionine (7), and tyrosine (8), and arginine 
and histidine (9) was determined colorimetrically. The ultraviolet spec 
trum of the unhydrolyzed Peptide A fraction was measured and was prae. 
tically completely accounted for by the content of tryptophan and ie 
as found colorimetrically. 
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Fic. 6. Chromatogram of the Peptide A fraction from Witte’s peptone, isolated 
via the picrate as described in the text. 2 mg. were hydrolyzed and then chromato 
graphed. Solvent, 1:2:1, 0.1 N HCl-n-propanol-n-butanol; column, 25 gm. of starch, 
diameter 8 mm., height 295mm. The eluent was collected in 0.9 ml. fractions;0.5m1. 
aliquots were analysed. The of the chromatogram after the glycine band is 
no. shown. 


The presence of lysine was established also by the use of lysineles 
Neurospora, mutant 4545 (10). Unhydrolyzed Peptide A fraction will n¢ | 
support growth of this mutant unless a small amount of free lysine is addei — 
to the culture medium. Hydrolyzed Peptide A fraction requires no such 
seeding. Evidently the minimum growth afforded by a trace of free lysin 
provides hydrolytic enzymes which liberate lysine from the peptide * | 
peptides) for further growth. 

The presence of isoleucine in the leucine band was established by chroms- 
tography on starch according to Stein and Moore (3), with 1:1:0.2 
n-butanol-benzy! alcohol-water as the eluting solvent. This solvent mi 


* We w'sh to thank Mr. E. Windsor of this laboratory for carrying out the lysi 
assays with the Neurospora mutant. 
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ture separates phenylalanine, leucine, and isoleucine. The presence of 
ucine was established by using C'-labeled leucine as a tracer, and that 
isoleucine by the loading procedure described above. 
Filter paper chromatography with phenol and s-collidine (11) of the 
ic acid + alanine fractions gave several spots; among them were 
those which could be assigned to glutamic acid and alanine, but the picture 
was complicated by the presence of spots given by substances which were 
not identified. 
The presence in the Peptide A fraction from every source listed in Table 
ll of the following amino acids has been established by the methods referred 
toabove: alanine, arginine, aspartic acid, glutamic acid, glycine, histidine, 


- jgleucine, leucine, lysine, methionine, proline, serine, threonine, trypto- 


isolate 
romato- 


starch. 
0.5m. 
band 


villoe | ferent methods, was similar. Table II gives values of amino nitrozen 
jadde: before and after acid hydrolysis. Except those indicated in the foot-notes 
10 | the amino nitrogen values before hydrolysis were obtained from the chro- 


phan, and tyrosine. Chromatography on starch by elution with the n- 
butanol-benzyl alcohol-water solvent, which separates phenylalanine, leu- 
cine, and isoleucine (3), indicated that phenylalanine or some other amino 
scid which emerges before leucine may be present. If phenylalanine is 
present there is very little. To establish this point it will be necessary to 
prepare and highly purify much larger amounts of the peptide or peptides 
in the fraction than we have at present. The same considerations apply 
to cystine, valine, and other amino acids which may be present, as for 
example the substance giving the low rounded peak between aspartic acid 
and serine shown in Figures 4, 5, and 6. 

Figs. 4, 5, and 6 are chromatograms of hydrolyzed Peptide A fraction 
from three different sources, guinea pig liver, rat liver, and Witte’s pep- 
tone. They are clearly the same qualitatively. Similar chromatograms 
were given by hydrolyzed Peptide A from all the sources listed in Table I. 
These chromatograms indicated the same qualitative amino acid composi- 
tion of the Peptide A fractions from different sources, isolated by different 
methods. 

Table II summarizes data which indicate that the quantitative amino 
sid composition of Peptide A from different sources, isolated by dif- 


matogram of the Peptide A fraction. All the values after hydrolysis were 


obtained by adding the ninhydrin values of all the banis obtained by 


dution first with the HCl-propanol-butanol solvent followed by the pro- 
panol-HCl mixture. All the values of the ratio after hydrolysis to before 
hydrolysis fall within the range 13.3 to 15.9; the average is 14.5. 

The concordance of the values of this ratio further supports treatment 


_ ithe chromatographic Peptide A fraction as an operational entity. The 


value of 14.5 of the ratio of free amino nitrogen after hydrolysis to before 
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hydrolysis is within the range found for proteins. Thus Henriques and 
Gjaldbaek (12) by formol titration found values for dried egg white, casein, 
edestine, gelatin, and Witte’s peptone of 14.6, 8.8, 24.4, 22.7, and 54 
respectively. We may conclude, therefore, that most of the Peptide 4 
fraction chromogenic with the ninhydrin reagent consists of polypeptide 
material of large molecular weight. 

Table II gives the ratios of the amino nitrogen in the main bands to that 
of leucine + isoleucine. The figures in Table II show that the Peptide 4 
fractions of different origin appear to have similar amino acid composition, 


This statement applies not only to the comparisons in Table II but also to | 


their content of lysine. The Neurospora assays indicated that they all 
contain 9 to 10 per cent of lysine. This value probably is low, as arginine 
and glutamic acid, both of which are present in the peptide, inhibit this 
mutant. In every case it was necessary to add a trace of free lysine to 
initiate growth, and there was the same lag of 24 to 48 hours before rapid 
growth began. 

Ratios of the amino acid groups were compared in Table II because we 
do not consider the Peptide A fractions to have been pure enough to 
warrant comparison of the content of individual amino acids expressed as 
absolute amounts. It is premature, we feel, to stress the differences in the 
ratio of the same amino acid group. Stein and Moore (3) in replicate 
analyses of purified proteins show divergencies of 10 per cent between 
extreme values for one amino acid. Each analysis in Table II was done on 
a specimen of Peptide A fraction obtained from a different animal. The 
notable finding is that the fractiongobtained from widely different sources 
was so similar with respect to all five amino acid groups compared to 
leucine plus isoleucine and with respect to the ratio of amino nitrogen 
before and after hydrolysis. A priori no such similarity was to be expected. 


DISCUSSION 


The following considerations bear on the questions of the purity of the 
Peptide A fraction from any one source and the identity or difference ¢ 
this fraction obtained from different sources. Contamination by fre — 


amino acids is excluded because these emerge from the starch colum 


(with the eluting solvent employed) after the Peptide A fraction. Th 
Peptide A fraction is precipitated by 10 per cent trichloroacetic acid; 


small peptides are thereby excluded as contaminants. Further evidence 
in the same direction is that a number of dipeptides and glutathione emerg: 
after leucine, whereas the Peptide A fraction emerges before leucine. The 
Peptide A fraction is precipitated by picric and flavianic acids; contamins 
tion by peptides not containing basic amino acids is thereby excluded. 
The amino acid composition of the original chromatographic fractio 


| 
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‘and | was not demonstrably different from that of the fraction after precipita- 
sein, ) tion either with picric acid or with ether from aqueous ethanol. Also the 
156 ratio of free amino nitrogen (with ninhydrin reagent) before and after 
de 4 hydrolysis was the same for the three materials. This ratio is of the order 
ptide to be expected of a peptide containing the fifteen (or more) amino acids 
present in the fraction. Therefore, if the Peptide A fraction is a mixture, 
that -—sit is a mixture of similar large peptides. 
ide A 
SUMMARY 
lsoto | —-: 1. The chromatographic isolation of a peptide fraction in liver, desig- 
ey all nated Peptide A, is described. Several chemical methods of isolating it 
ginine © aredescribed. This fraction contains one or more large peptides. 
t this 2. The presence of the following amino acids in the Peptide A fraction 
ine to , has been established: alanine, arginine, aspartic acid, glutamic acid, glycine, 
rapid histidine, isoleucine, leucine, lysine, methionine, proline, serine, threonine, 
' tryptophan, and tyrosine. Additional amino acids may be present. 
Ise we 3. The Peptide A fraction has been isolated from the livers of albacore, 
igh to —srbeef, guinea pig, hog, horse, lamb, and rat, from guinea pig blood, heart, 
sedas kidney, and spleen, and from Witte’s peptone. Liver and spleen are the 
inthe | richest sources; there is much less in blood, heart, and kidney and very 
plicate | little or none in diaphragm and striated muscle of the abdominal wall. 
tween | 4. The Peptide A fraction isolated from different sources contains all of 
oneon | the above amino acids. Their proportions are not demonstrably different 
_ The within the limits of precision of the analytical methods used. 
sources 
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Il. THE ROLE OF BIOTIN IN BICARBONATE UTILIZATION BY 
LACTOBACILLUS ARABINUOSUS STUDIED WITH C" 
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(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, January 8, 1949) 


A metabolic relationship between biotin and aspartic acid has been 
demonstrated in many living forms. Burk, Winzler, and du Vigneaud (1) 
observed that either biotin or aspartate was capable of stimulating the 
fermentation and nitrogen assimilation of biotin-deficient yeast (Saccharo- 
myces cerevisiae) in media containing ammonia. Independently Koser, 
Wright, and Dorfman (2) found that aspartate partially replaced biotin 
for Torula cremoris. 

In 1947, Stokes ef al. (3) presented evidence that biotin, in some manner, 
promotes the synthesis of aspartate by several bacterial species. A study 
of the mechanism by which biotin affects the synthesis of aspartate was 
therefore undertaken. It was found (4) that oxalacetate could partially 
replace aspartate in promoting growth of biotin-deficient Lactobacillus 
crabinosus. Since Lyman et al. (5) had shown that CO, stimulates aspar- 
tate synthesis by lactobacilli, it seemed likely that biotin was exerting 
 itsinfluence on aspartate synthesis by way of the Wood-Werkman (6) con- 
densation of pyruvate and CO, to yield oxalacetate. Growth experiments 
_ dd indeed demonstrate that bicarbonate greatly stimulated growth of L. 
 grabinosus in aspartate-free media if biotin were present and that bicarbo- 
_ nate elicited no growth response in low biotin media (4). Using their 
technique of inhibition analysts, Shive and Rogers (7) independently 
reached the conclusion that biotin participated in CO, fixation into oxal- 
acetate and a-ketoglutarate. About the same time Lichstein and Umbreit 
_ (8) demonstrated that biotin restored the ability of aged Escherichia coli 
tells to decarboxylate oxalacetate. 

— To obtain further information on the function of biotin, studies were 
_ made of the uptake of C-labeled bicarbonate by normal and biotin-defi- 
cent cells of L. arabinosus. 


*Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by the United States Public Health Service 
(RG 313). A preliminary report of this paper was presented before the Division of 
| — Chemistry of the American Chemical Society, New York, September 17, 
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Methods and Materials 


The organism Lactobacillus arabinosus 17-5 was grown on the basa! 
medium described in a previous communication (9). Four modifications 
of this medium, the biotin and aspartic acid composition of which was that | 
suggested by Stokes et al. (3), were used in the experiments reported below. 
The low biotin medium contained 0.05 mygm. of biotin and 0.2 mg. of pt. 
aspartic acid per ml.; the high biotin medium contained 2.0 mugm. of biotin 
per ml. and no aspartic acid; the “oleic acid” medium contained 10 y of | 
oleic acid, 0.5 mg. of Tween 40, and 0.2 mg. of DL-aspartic acid per ml. 
and the biotin-free, aspartic acid-free medium contained neither biotin 
nor aspartic acid. The optical density of bacterial cultures was measured 
in the Evelyn colorimeter with standard size tubes at 660 my and with 
water as a blank. The bacteria were grown in volumes of 25 to 100 mi. 
in Erlenmeyer flasks filled to about 50 per cent of capacity. After sterili- | 
zation the flasks were aseptically inoculated with 0.5 to 1.0 ml. of 
a washed saline suspension of an 18 hour culture diluted to 85 to 90 per | 
cent transmission. The size of inoculum is of some importance, since the 
organism may show a prolonged lag period on the high biotin medium if 
too light an inoculum is used. The techniques described above will give — 
cultures showing 50 to 60 per cent transmission in about 18 hours with 
the first three media mentioned above. In the first experiments reported 
in this communication the organisms grown on low and high biotin media 
were made up to equal optical density for transfer to the Warburg vessel 
by diluting the more dense culture with the same type of medium. | 
Later, when the inhibitory effect of aspartic acid became known, the cells 
were removed from the growth medium by centrifuging and resuspended 
in biotin-free, aspartate-free medium. They were centrifuged again and 
made up to equal optical density in biotin-free, aspartate-free medium. 
About 23 hours elapsed from the time centrifugation began until the | 
cells were transferred to the Warburg flasks. 

C* fixation Experiments were carried out at 37° in Warburg vessels with 
air as the gas phase. Bicarbonate, containing the isotope, and other 
materials were added from a side arm at zero time. The final concentra- | 
tion of added bicarbonate was 0.0033 m unless otherwise specified. After _ 
incubation at 37° for the desired time, dilute sulfuric acid (sufficient w 
bring the suspension to about pH 2) was dumped from a second side arm 
to stop metabolic reactions. The flask contents were transferred quanti- 
tatively to centrifuge tubes and pieces of solid CO, large enough to sink  — 
the bottom of the tubes were added. After 10 minutes of ‘“‘washing” 2 
this manner (control vessels were found devoid of C") the tubes were centr- 
fuged and the supernatant fluid decanted. The cells were autoclaved for | 


3 
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| hour in the presence of 1 N HCl and the resulting solutions evaporated 
to dryness under a vacuum. 

All samples were counted on flat bottomed shallow aluminum cups of 1 
em. radius. Samples were transferred to the cups as slurries in alcohol 
and were dried under an infra-red lamp. Counts were made with an end 
window Geiger counter tube. Mica windows of 2 to 3 mg. per sq. em. were 
used. ‘The counts were corrected for background and for self-absorption 
according to the calculations of Yankwich et al. (10, 11). Sufficient counts 
were made to establish an accuracy of about +5 per cent in all samples 
except those in which the count was not appreciably greater than the back- 


oA 


TIME IN MINUTES 


Fie. 1. Fixation of C'*-labeled bicarbonate by L. arabinosus in low biotin (LB) 
and high biotin (HB) media. 3 ml. of cell suspension (54 per cent transmission) 
per flask. Maximum fixation, 3.04 counts per second. The column at the right in- 
dicates the relative amounts of C" fixed into the medium (M) and the cellular aspar- 
tie acid (A) by the two types of cells. 


ground. The data are reported as counts per second for the total sample. 
Volumes of the cell suspensions are given for each experiment. 

Control vessels containing high biotin cells which had been heated in a 
boiling water bath for 5 minutes were included in each experiment. In no 
case was any detectable quantity of C™ fixed by these inactivated controls. 


Results 
The rates of bicarbonate uptake by cells of L. arabinosus in low biotin 
and high biotin media are shown in Fig. 1. High biotin cells rapidly fixed 
(“ from the bicarbonate of the medium and assimilated it as acid-stable 
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cell constituents, while the low biotin cells fixed no detectable amount 
during the Ist hour of the experiment. A trace, but an analytically sig- 
nificant amount, was fixed by the low biotin cells after 2 hours. This 
incorporation of C into the bacterial cell is not a net uptake of CO,, 
There was a continuous net production of CO, by the cells during the 
experiment. At 120 minutes the cell-free medium from the high biotin 
cells contained an appreciable quantity of fixed C’, while only an insig- 
ficant amount was found in the medium from the low biotin cells. The 
relative quantities fixed in the media are indicated in Fig. 1 (11). In this 
and later experiments in which media were fractionated, the “medium” 
would include all constituents which were extracted from the cells at 
pH 2. An appreciable part of this fixed C'* may therefore actually have 
risen from soluble cellular constituents. 

25 mg. of natural aspartic acid were added as a carrier to each of the 
2 hour cell hydrolysates and the aspartic acid was isolated and purified as 
the copper salt. The relative activity of the isolated copper aspartates is 
shown in the column at the right of Fig. 1. While a quantitative separa- 
tion of the aspartate was not achieved, calculations indicate, that most if 
not all of the activity of the cells was present in the aspartic acid. 

In the experiment summarized in Fig. 1 two variables, biotin and aspartic 
acid, were studied simultaneously. ‘To determine whether aspartate alone 
influenced bicarbonate fixation a similar experiment was performed and 
biotin was added to one series of cells in low biotin medium containing 
aspartate. In addition L-aspartate was added to one flask containing cells 
in high biotin medium. The results are summarized in Fig. 2. Again 
rapid uptake of C'* from the medium occurred with high biotin cells, while 
those grown and incubated in the low biotin medium containing aspartate 
fixed almost none. In this experiment the rate of C" fixation bv the high 
biotin cells was remarkably linear during | hour. Additions of 0.065 mugm. 
of biotin per ml. of media at zero time did not appreciably increase the 
uptake of CO, by the deficient cells. However, the addition of 1 mg. of 
L-aspartate per ml. to the high biotin medium decreased the fixation almost 
to zero. While this is 10 times the concentration of aspartate in the low 
biotin medium, it seemed possille that the presence of aspartate in that 
mddium might be preventing added biotin from exhibiting any C'™O,-fixing 
response. A third experiment was therefore conducted in which the cells 
were grown on the high and low biotin media as usual, but, after centri- 
fuging, both types of cells were suspended in sterile biotin-free, aspartate- 
free medium. The rates of CO, fixation are shown in Fig. 3. Cells grown 
in the high biotin medium fixed C"O, fairly rapidly during the first 30 min- 
utes of the experiment, but the rate dropped off during the second half hour. 
The addition of 5 mugm. of biotin per ml. did not significantly influence 
the rate of C“O, fixation during the first half hour but was effective in main- 
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Fia. 2. Fixation of C'*-labeled bicarbonate by L. arabinosus in low biotin and high 

biotin media. 4 ml. of cell suspension (72 per cent transmission) per flask. Muaxi- 


mum fixation, 13.3 counts per second. Additions where indicated; bivtin, 0.065 
mygm. per ml.; L-aspartate, 1 mg. per ml. 


TIME IN MINUTES 
Fia. 3. Fixation of C'*-labeled bicarbonate by high biotin and low biotin cells 
of L.arabinosus in biotin-free, aspartate-free medium. Bicarbonate (final concentra- 
tion 3.3 X 10-* m) and, when added, biotin (5 mugm. per ml.), pt-aspartate (4.7 X 
10) (flasks Inbeled A), and y-(3,4-ureylenecyclohexyl)-butyric acid (5 per ml.) 
(flasks labeled U) were dumped from the side arms at zero time. 2 ml. cell suspen- 
sion (60 per cent transmission) per flask. Maximum fixation, 7.90 counts per second. 
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taining the rate of fixation during the second half hour. Cells grown on 
the low biotin medium were unable to fix CO, but did so when biotin was 
added to the aspartate-free medium. The addition of 63 y of pL-aspartie 
acid per ml. of cell suspension decreased the rate of CO: incorporation by 
more than 50 per cent. The effect of varying concentrations of aspartate 
was then studied in a separate experiment, with the results shown in Fig. 
4. Since 50 y of L-aspartic acid per ml. inhibited C™ uptake as much as 
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Fic. 4. Inhibition by aspartate of C'O, fixation by L. arabinosus. High biotin 
cells (1.5 ml. of suspension; 17.5 per cent transmission) in biotin-free, aspartate-free 
medium. Final volume 2.0 ml.; incubated 60 minutes. Control fixation, 3.49 counts 
per second. © = DL-aspartic acid; X = one-half as much L-aspartic acid. 


did 100 + of pL-aspartic acid, the inhibition appears to result only from the 
L isomer. 

It should be emphasized that in all of the experiments described above 
the low biotin cells were grown in the presence of sufficient biotin to satisfy 
the “‘oleic acid function” (9, 12, 13). Therefore, it appears that the oleic 
acid function of biotin does not involve the fixation of carbon dioxide. 

The results of the experiment described in Fig. 1 indicated that most of 
the radioactive carbon taken up was fixed into cellular aspartic acid. To 
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make a more detailed examination of the distribution of C™, low and high 
biotin cells were incubated in 100 ml. quantities with C“-containing bicar- 
bonate for 15 minutes. The washed cells were hydrolyzed by autoclaving 
12 hours in 8 N H2SO,; 25 mg. of L-aspartic acid were added to each sample 
and the barium salts of aspartic and glutamic acids were separated by alco- 
hol precipitation. The aspartic acid was separated from the crude barium 
salts as the copper salt and recrystallized. The percentage of total radio- 
activity recovered in the copper aspartate corresponded roughly to the 
percentage recovery of the latter, indicating that aspartic acid was the main 
if not the sole C'-containing compound. 

Adenine and guanine were isolated from the hydrolysate by the procedure 
of Levene (14) after adding 20 mg. of guanine hydrochloride and 20 mg. of 
adenine sulfate as carriers. Adenine separated as the silver salt, isolated, 
and purified as the picrate contained a trace, but statistically insignificant 
amount, of radioactivity. (Guanine, separated as the silver salt and iso- 
lated as the free base was devoid of activity. It should be recalled that the 
basal media supply the purine bases adenine, guanine, and xanthine. 

In these large scale experiments, the total counts of C" fixed in the media 
were equivalent to 30 per cent of the amount retained by the cells. The 
media were continuously extracted with ether for 12 hours. After evapora- 
tion of the ether the residues from both high and low biotin cells were found 
to contain no detectable quantity of radioactivity. Almost all of the ac- 
tivity was found in the alcohol-precipitated barium salt fraction containing 
the dicarboxylic amino acids. Since the media were not hydrolyzed, the 
activity must have resided in the free amino acids. The cells either lose 
an appreciable amount of aspartic acid by diffusion into the medium or else 
the extraction at pH 2 removes labeled aspartate from the cells. 

Four samples of pure copper aspartate isolated from cells exposed to C™- 
containing bicarbonate were treated with chloramine-T according to the 
procedure of Cohen (15). In standardizing runs, recoveries of 96, 102, and 
% per cent of the theoretical CO, were obtained, assuming that both car- 
boxyl groups were converted to CO,. Cupric ion did not inhibit decar- 
boxylation of standard samples. Recoveries of the radioactivity in the CO, 
liberated by chloramine-T ranged from 66 to 100 per cent of that originally 
present in the aspartic acid, but no appreciable amount of activity was 
found in any of the residues following the decarboxylation. Apparently 
part of the CO, had been lost from the Ba(OH)s: trap in some of the ex- 
periments. 

Action of Biotin Analogues—The results of the experiment summarized 
in Fig. 3 demonstrated that y-(3 ,4-ureylenecyclohexy])-butyric acid did not 
inhibit carbon dioxide fixation when added to cells which had been grown 
in the presence of sufficient biotin to satisfy the “aspartate function” (9, 3). 
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Thus the compound appeared not to antagonize the function of biotin al. 
ready incorporated into the bacterial cell protoplasm. To examine more 
closely the locus of action of antibiotin compounds the experiment de- 
scribed in TableI wasperformed. Since y-(3 ,4-ureylenecyclohexyl)-butyric 
acid is a comparatively weak antimetabolite (16), the more active com- 
pounds homobiotin and homobiotin sulfone (17) were employed. As can 
be seen from Table I, both of these biotin analogues strongly inhibited the 
fixation of C“O, when added simultaneously with biotin to cells grown in 
the absence of biotin. They exerted only a slight inhibition of C* fixation 
by cells which had been grown in high biotin medium. These results indi- 


Taste I 
Effect of Biotin Analogues on C'*O; Assimilation by L. arabinosus 


Type of cells | Biotin Inhibitor added init 


per mi. 
No biotin None! None 0.00 
5 me 0.40 | 1.09 


5 Homobiotin sulfone, 20 y per ml. 78 
5 Homobiotin, 40 y per ml. 
High biotin | None; None 1.15 | 2.09 
‘* | Homobiotin sulfone, 20 7 per ml. 


** | Homobiotin, 40 y per ml. 


SONS 


No biotin cells were grown in the presence of aspartic and oleic acids with Tween 
40; turbidity at 22 hours > 48 per cent transmission in the Evelyn colorimeter, 
Filter 660. High biotin cells were grown in the presence of 2 mugm. of biotin per 
ml.; no aspartic or oleic acid added; turbidity at 22 hours > 54 per cent transmission. 
After centrifuging and washing, both cell types were taken up in the basal medium 
and diluted to 17.5 per cent transmission, 1.5 ml. per flask. Biotin, 0.01 m.eq. of 
NaHCO; containing C", and the inhibitors were dumped from the side arms at sero 
time. Final volume 2.0 ml. 


cate that biotin analogues do not inhibit appreciably the function of biotin 
which has already been incorporated into cellular components, and that 
they do inhibit the formation of the biotin-containing tissue component 
which is concerned with CO, fixation into aspartic acid. Axelrod, Purvis, 
and Hofmann (18) have recently reported that biotin antagonists inhibit 
the biotin stimulation of yeast fermentation (1) only when added 30 min- 
utes prior to the addition of biotin. 
DISCUSSION 


The striking differences in CO,-fixing ability between cells grown in high 
biotin and low biotin media strongly indicate that biotin plays a compulsory 
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réle in the metabolic fixation of CO;. In the present work aspartic acid was 

found to contain almost all of the C™ assimilated from the bicarbonate of 
| the medium into the bacterial cell. This must not be construed to mean 
/ that the function of biotin is limited to fixing bicarbonate into the carbon 
| skeleton of this single amino acid, for the present experiments were designed 
to supply the bacterial cells with all other required metabolites. If the 
incorporation of CO, into other cellular constituents is inhibited by the 

respective compound in the same manner in which added aspartate inhibits 
CO, fixation into cellular aspartic acid (Fig. 4), then, in these experiments, 
| one would not expect C* fixation into those other cellular constituents. 

Evidence for the concept that biotin is involved in the fixation of CO, into 
several tissue components in rats is presented in Paper II (19). 

Studies of the function of biotin at the enzymatic level have not yet 
disclosed the exact mechanism by which this vitamin influences cellular 
| metabolism. Ochoa et al. (20) found that biotin-deficient turkeys were spe- 
'  eifically deficient in the enzyme which catalyzes the condensation of pyru- 
vate and CO; in the presence of reduced triphosphopyridine nucleotide to 
produce malate. However, purified preparations of the enzyme were re- 
ported not to contain significant quantities of biotin (20). Ochoa therefore 
postulated that biotin might function as a catalyst in the synthesis of the 
enzyme rather than as a structural component of the enzyme. While the 
present work offers no test of this hypothesis, there is no particular evidence 
of a lag phase in the rate of CO, fixation when biotin is added to cells grown 
in low biotin medium (Fig. 3; Table I), such as one might expect if it were 
acting indirectly. Since malate does not give a growth response under 
conditions in which oxalacetate does (4), it appears not to be an inter- 
mediate in the CO, fixation process. 

The inhibition by aspartate of CO, uptake may offer a clue to the mecha- 
nism of aspartate synthesis. In higher animals, tissue amino acids are 
constantly being exchanged for those being carried by the blood stream. 
If aspartate synthesis were occurring in bacteria by processes unrelated to 
protein synthesis, one would expect some fixation of C“QO, into aspartate. 
even though aspartate were present in the medium. 


Pyruvate + HCO; 
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Oxalacetate 
(2) — amina ion or 
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It seems possible that the energy-coupling mechanism which incorporates 
aspartate into protein (Reaction 3) may actually be the driving force which 
permits the endergonic coupling of CO, and pyruvate (Reaction 1). 


We are indebted to Dr. M. W. Goldberg, Dr. S. H. Rubin, and Dr. E, 
Sevringhaus of Hoffmann-La Roche, Inc., for gifts of biotin, homobiotin, 
and homobiotin sulfone. Dr. R. O. Roblin of the American Cyanamid 
Company generously supplied the sample of +-(3,4-ureylenecyclohexy))- 
butyric acid. We wish to thank Dr. Charles Heidelberger for making 
several of the measurements of radioactivity. 


SUMMARY 


Cells of Lactobacillus arabinosus grown in the presence of 2 mugm. of 
biotin per ml. fixed C from the bicarbonate of the medium into cellular 
aspartic acid. When grown in media containing only 0.05 myugm., or less, 
of biotin per ml., the cells were almost completely unable to fix CO.. The 
fixation of CO, into cellular aspartate was strongly inhibited by addition 
of aspartate to the medium. 

Biotin analogues having antimetabolite properties inhibited the fixation 
of CO, when added simultaneously with biotin to low biotin cells. They 
had little influence on the CO,-fixing capacity of cells grown in the presence 
of biotin. 

BIBLIOGRAPHY 


1. Burk, D., Winzler, R. J., and du Vigneaud, V., Proc. Am. Soc. Biol. Chem., J. 
Biol. Chem., 140, p. xxi (1941). Winzler, R. J., Burk, D., and du Vigneaud, 
V., Arch. Biochem., 6, 25 (1944). 

2. Koser, 8. A., Wright, M. H., and Dorfman, A., Proc. Soc. Exp. Biol. and Med., 
61, 204 (1942). 

3. Stokes, J. L., Larsen, A., and Gunness, M., J. Biol. Chem., 167, 613 (1947); J. 
Bact., 64, 219 (1947). 

4. Lardy, H. A., Potter, R. L., and Elvehjem, C. A., J. Biol. Chem., 169, 451 (1947). 

5. Lyman, C. M., Moseley, O., Wood, S., Butler, B., and Hale, F., J. Biol. Chem., 
167, 177 (1947). 

6. Werkman, C. H., and Wood, H. G., Bot. Rev., 8, 1 (1942). 

7. Shive, W., and Rogers, L. L., J. Biol. Chem., 169, 453 (1947). 

8. Lichstein, H. C., and Umbreit, W. W., J. Biol. Chem., 170, 329 (1947). 

9. Potter, R. L., and Elvehjem, C. A., J. Biol. Chem., 172, 531 (1948). 

0. Yankwich, P. E., Rollefson, G. K., and Norris, T. H., J. Chem. Phys., 14, 131 
(1936). 

11. Yankwich, P. E., Norris, T. H., and Huston, J., Anal. Chem., 19, 439 (1947). 

12. Williams, V. R., and Fieger, E. A., Ind. and Eng. Chem., Anal. Ed., 17, 127 (1948). 

13. Williams, W. L., Broquist, H. P., and Snell, E. E., J. Biol. Chem., 170, 619 (1947). 

14. Levene, P. A., J. Biol. Chem., 53, 441 (1922). 


LARDY, POTTER, AND BURRIS 731 


15. Cohen, P. P., J. Biol. Chem., 186, 565 (1940). 

16. English, J., Clapp, R. C., Coles, Q. P., Halverstadt, I., Lampen, J., and Roblin, 
R. O., Jr., J. Am. Chem. Soc., 67, 295 (1945). 

17. Goldberg, M. W., Sternbach, L. H., Kaiser, H., Heineman, S. D., Schreiner, J., 
and Rubin, 8. H., Arch. Biochem., 14, 480 (1947). 

18. Axelrod, A. E., Purvis, S., and Hofmann, K., J. Biol. Chem., 176, 695 (1948). 

19. MacLeod, P. R., and Lardy, H. A., J. Biol. Chem., 179, 733 (1949). 

#. Ochoa, S. ' Mehler, A., Blanchard, M., Jukes, T. , Hoffmann, C., and Regan, M., 
J. Biol. Chem., 170, 413 (1947). 


n 
J. 
d, 
i., 
J. 
1, 
131 | 
7). 
5). 
7). 


METABOLIC FUNCTIONS OF BIOTIN* 


II. THE FIXATION OF CARBON DIOXIDE BY NORMAL AND 
BIOTIN-DEFICIENT RATS 


By PATRICIA R. MacLEOD ano HENRY A. LARDY 
(From the Department of Biochemistry, College of Agriculture, L'niversity of 
Wisconsin, Madison) 
(Received for publication, January 8, 1949) 


Since the early work of Wood and Werkman (1), which demonstrated 
the assimilation of CO, by heterotrophic non-photosynthetic bacteria, 
considerable interest has been shown in the function of carbon dioxide as a 
metabolite. Ruben and Kamen (2) provided evidence for the fixation 
of CO, by rat liver slices in the presence of pyruvate. This was extended by 
Evans and Slotin (3) with the use of CO, to show that the reaction in- 
volved the condensation of CO, with pyruvate to form oxalacetate. The 
synthesis of urea by liver slices and homogenates has also been shown to 
involve CO, fixation (4, 5) which occurs in the conversion of ornithine 
to citrulline (6). The intact animal can introduce CO, into liver and 
muscle glycogen (7) and into several amino acids of liver protein; namely, 
arginine, glutamic acid, and aspartic acid (8). It has recently been shown 
that the pigeon can fix C™Q, into uric acid (9). 

The first suggestion that CO, transfer might involve a metabolic func- 
tion of biotin was made by Burk and Winzler (10). The relationship 
between aspartic acid and biotin has been discussed in Paper I (11). 
Recently it has been demonstrated that Lactobacillus arabinosus grown 
on a biotin-deficient medium cannot utilize CO, for growth (12), but is 
able to assimilate either aspartate or oxalacetate for good growth (12, 13). 
The present study was undertaken to investigate the comparative abilities 
of the “normal” and biotin-deficient rat to utilize COs». 


EXPERIMENTAL 


Male albino rats of the Sprague-Dawley strain were used in all experi- 
ments and were raised from weaning on the following rations. The 
control ration contained alcohol-extracted casein 22, sucrose 68.5, Salts IV 
(14) 4.5, and corn oil 5 parts. Vitamins were added in the following amounts 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by the United States Public Health Service 
(RG 313). A preliminary report on part of the experimental data in this paper was 
presented before the Division of Biological Chemistry at the 113th meeting of the 
American Chemical Society at Chicago, April, 1948. 
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per 100 gm. of ration: thiamine 30 y, riboflavin 60 y, niacin 200 y, pyri- 
doxine 30 y, calcium pantothenate 300 y, p-aminobenzoic acid 500 ¥, 
biotin 1 ¥, folic acid 2.5 y, inositol 10 mg., and choline 20 mg. 2 drops of 
halibut liver oil were administered weekly. The low biotin ration consisted 
of casein 20, commercial dried, raw, egg white 11, sucrose 60.5, Salts IV 
4.5, corn oil 5.0 parts, and vitamins as in the control ration with the omis. 
sion of biotin. The low biotin, low fat ration contained casein 20.5, dried 
raw egg white 11.0, sucrose 64.0, Salts [V 4.5 parts, and vitamins as in the 
control ration with the omission of biotin. 

After 7 weeks, the animals fed the low biotin and low fat, low biotin 
rations reached a weight plateau and exhibited the characteristic skip 
symptoms of a biotin deficiency. 2 weeks later, one rat was taken from 
each of the three groups to be used for a preliminary experiment. Each 
rat was given, at 1 hour intervals, twelve equal doses of a solution of 
NaHC*O; by intraperitoneal injection. The total amount given to the 
control rat was equivalent to 1.10 mg. of original BaCOs having a specific 
activity of 3 per cent C™, and the amounts given to the other two rats were 
calculated in proportion to their metabolically effective weights by the 
factor (weight)®-* (15, 16). 

At the end of the 12 hour injection period, each animal was sacrificed 
by decapitation and the liver quickly removed and minced in a Waring 
blendor with 10 per cent trichloroacetic acid. The kidney, spleen, pan- 
creas, heart, testes, and small intestine were combined as one fraction 
(hereafter referred to as the viscera fraction) and similarly treated. Both 
trichloroacetic acid precipitates were centrifuged and washed with 5 per 
cent trichloroacetic acid. The lipide fraction was removed from each by 
three extractions with boiling 3:1 alcohol-ether. The residue was then 
extracted with 5 per cent hot trichloroacetic acid at 90° for 20 minutes to 
remove the nucleic acid fraction (17). 

The skeleton with its attached muscie was boiled for 30 minutes in 
distilled water, and the muscle stripped from the bones. The muscle 
tissue was minced in a Waring blendor and extracted with alcohol-ether 
in the same manner as the liver and viscera were, to remove the lipides. 

The protein residue from each of the three fractions was hydrolyzed 
by refluxing with 8 n H,SO, (10 ml. per gm.) for 24 hours, and the sulfate 
removed by treatment with Ba(OH),. The filtrate and washings from the 
BaSO, were combined, concentrated, and tyrosine removed by crystalliza- 
tion at its isoelectric point. The filtrate was adjusted to pH 3 to 4, and 
arginine isolated as its monoflavianate. After removal of excess flavianic 
acid and concentration of the solution, hot, saturated Ba(OH),. was added, 
to pH 10. The solution was filtered and 4 volumes of ethanol added. 
After refrigeration, the barium salts of glutamic and aspartic acids were 
centrifuged, washed, dissolved in a minimum of water, filtered, and re 
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precipitated. The barium was removed and the glutamic acid precipi- 
tated as its hydrochloride and aspartic acid obtained as its copper salt. 

The skeleton was extracted with 3:1 alcohol-ether, dried, and ground to 
s fine powder. ‘This was suspended in water, and concentrated hydro- 
chloric acid (2 ml. per gm.) added slowly with shaking. The CO, evolved 
was collected in a solution of sodium hydroxide and precipitated by the 
addition of an excess of 10 per cent barium chloride solution. The barium 
carbonate was centrifuged, washed with CO,-free water until the washings 
were neutral to litmus, and dried in vacuo. Additions of acetone were 
used to prevent the baCQ; precipitates from ‘‘creeping’”’ during manipu- 
lations. 

The bone residue in dilute hydrochloric acid solution was extracted 
with ether (4 ml. per gm. of original bone) for 24 hours, and the ether 
axtraction repeated twice according to the method of Dickens (18) for 
the isolation of bone citric acid. The ether extracts were combined, 
made alkaline by the addition of NaHCOs solution, and the aqueous 
alkaline layer removed. The ether layer was washed with NaHCO; 
slution and the washings combined with the original alkaline layer. 
This was made acid with HCl and boiled to drive off CO,. The solution 
was treated with norit, concentrated in vacuo to a small volume, and 
CaCl, solution was added. Calcium citrate was precipitated by making 
the solution faintly alkaline with ammonia. It was removed by centrifuga- 
tion, washed with CO,-free water, and dried in vacuo. 

The radioactivities of all samples were measured as described in Paper 
I (11). The samples were recrystallized or reprecipitated until activities 
and decomposition points remained constant. None of the tyrosine 
samples contained detectable radioactivity, and so no further attempt was 
made to purify these samples. 

The glutamic acid hydrochloride and copper aspartate samples were 
analyzed for their nitrogen content by a modification of the Koch and 
McMeekin nesslerization method (19). The nitrogen analyses for all 
samples of glutamic acid hydrochloride ranged from 7.5 to 7.9 per cent 
(theory for CsHyO,N-HCl 7.6 per cent). The nitrogen analyses for all 
samples of copper aspartate dried in vacuo at room temperature ranged 
from 4.9 to 5.3 per cent (theory for CsHs0,NCu-4}H:0 5.09 per cent), 
and that of two samples dried in vacuo at 100° was 7.1 per cent (theory 
for CHHsO,NCu 7.19 per cent). Since arginine monoflavianate cannot be 
aalyzed well for nitrogen, the criteria of its purity which were used, in 
addition to constant radioactivity on recrystallization, were decomposition 
tange and the characteristic highly developed luster of the crystals (20). 

The radioactivities of the compounds isolated in the first experiment 
are listed in Table I. 

Since the level of C™ fixed was low, it was felt that more significant 
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results might be obtained if a higher injection dose were emploved, and for 
this reason a second experiment was carried out. The animals wer 
kept on experimental rations for 15 weeks. ‘Therefore the animal on the 
low biotin ration had reached a more severe state of biotin deficiency than 


had been obtained in the previous experiment. The procedure was altered _ 
in that a larger total dose of Nal1C'O; was administered as a single injec. — 
tion. The contro! animal, weighing 356 gm., was injected with a solution | 
of NaHCO, equivalent to 10 mg. of barium carbonate having a specific | 
activity of 3 per cent C“. The deficient rat, weighing 198 gm., was given | 


the equivalent of 5.6 mg. of BaCOs. This dose was directly proportional 
to body weight. 


Taste I 
C'* Fized into Tissue Components of Normal and Biolin-Deficicnt Rats 
Activity as net counts 
per sec. per gm. sample* 
Tissue Compound Isolated and counted as Ration fed 
| Low 
Control 
Liver Arginine Flavianate 21 5 2 
Glutamic acid Hydrochloride 0 0 0 
Aspartic “ Copper salt 5 0 0 
Viscera Arginine Flavianate 5 6 0 
Glutamic acid Hydrochloride 0 0 0 
Aspartic “ Copper salt 0 0 0 
Muscle Arginine Flavianate 3 0 0 
Glutamic acid Hydrochloride 0 0 0 
Aspartic ‘ Copper sult 0 0 0 
Skelcton CO; Barium ‘ 24 16 
Citric acid Calcium ‘“ 2 0 


* All activities under 1 count per second per gm. of sample are recorded as zero. 


Respiratory carbon dioxide was collected for alternate 15 minute periods, 
beginning 15 minutes after the injection and continuing until the animal 
was sacrificed 3 hours later. The animal was placed in a large desiccator 
into which CO,-free air was drawn. The expired carbon dioxide was 
collected in carbonate-free sodium hydroxide solution and precipitated by 
the addition of a solution of barium chluride. The barium carbonate was 
centrifuged, washed with CO,-free water until the washings were neutral 
to litmus, and dried in vacuo. The activities are given in Table II. These 
experiments were done before it was known that a normal animal injected 
with less than 1 mg. of C“O; as NaHCO, will excrete over 50 per cent of the 
dose within 16 minutes as respiratory CO, (21). It scems probable from 
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our results that the biotin-deficient rat may have lost an even greater 
percentage of the injected C during the first 15 minutes after the in- 


jection. 


When the animals were sacrificed 3 hours after the injection, their 
tissues were treated in the manner already described for the isolation of 
tyrosine, arginine, and the barium salts of glutamic and aspartic acids. 


TaB_e II 


C"* Concentration of Respiratory CO; of Animals Given Single Intraperitoneal 
Injection of NaHCO, 


Activity as net counts per sec. per gm. BaCOs 3 ) 
Sample No. Min. after injection a 
Control Low biotin t= 
1 15- 30 47,400 23, 500 2 
2 45- 60 28,000 13,400 (2 
3 75- 90 19, 200 8, 300 -J 
4 105-120 13,000 6,100 
5 135-150 9,400 4,400 5 
6 165-180 6,900 3,400 J 
Taste III 
Fired into Tissue Components of Normal and Biotin-Deficient Rats 
Activity as net counts > | 
Tissue Compound Isolated and counted as | Per gm.* 
Control | Low biotin 
Liver Arginine Flavianate 65 11 =F 
Glutamic and aspartic acids Barium salts 3 0 d 
Viscera | Arginine Flavianate 7 3 a 
Glutamic and aspartic acids | Barium salts 3 0 
Adenine Picrate 29 18 | 
Guanine Free base 109 15 | 
Muscle | Arginine Flavianate 2 2 
Glutamic and aspartic acids Barium salts 0 0 
Skeleton | CO, Barium salt 260 75 
Citric acid Calcium ‘‘ 7 0 


* All activities under 1 count per second per gm. of sample are recorded as zero. 


When the latter barium salts were being repurified prior to the isolation of 
the two amino acids, the samples were lost because of an accident while they 
were being centrifuged. For this reason the fixation of C™ into the indi- 
vidual amino acids is not known. Bone carbonate and citrate were 


isolated as before. 


In addition, the purine bases were isolated from the hot trichloroacetic 
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acid extract of the viscera protein. This fraction was chosen in prefereng 
to the corresponding fraction from liver, since a preliminary measurement 
on the crude material indicated a greater C™ fixation in the viscera nucleic 
acid. The extract, made strongly acid with HCl, was freed of trichlor. 
acetic acid by ether extraction and concentrated to dryness in vacyg, 
The residue was hydrolyzed by suspending it in methanol and refluxing 
for 3 hours in the presence of a continuous stream of dry HCl. The 
hydrolysate was decolorized with norite, concentrated to dryness in vacuo, 
and dried over CaCl. It was then taken up in anhydrous methang 
saturated with dry HCl. The combined adenine and guanine hydro. 
chlorides were filtered and washed rapidly with methanol saturated with 
equimolar adenine and guanine hydrochlorides. To the mixture was 
added double its weight of an equimolar mixture of adenine and guanine 
hydrochlorides as carriers. The adenine was then separated as the picrate 
and guanine as the free base (22, 23). 

The corrected activities of the compounds isolated in the second experi. 
ment are listed in Table ITI. 


RESULTS AND DISCUSSION 


The earliest suggestion of a physiological function for biotin was made 
in 1942 by Pilgrim, Axelrod, and Elvehjem (24) when they demonstrated 
that liver homogenates from biotin-deficient rats had a greatly decreased 
rate of pyruvate oxidation compared with normal controls. It has since 
been demonstrated that the failure of certain microorganisms to grow ona 
biotin-deficient medium is due to their inability to condense CO, with py- 
ruvate to form oxalacetate and aspartate. The data in Tables I and II 


indicate that the biotin-deficient animal did not fix any appreciable amount — 
of CO, into bound aspartic or glutamic acid, while the control fixeds | 


small but definite quantity into aspartic acid. This may indicate that the 
rat synthesizes aspartate more readily than glutamate. This is in agree 
ment with the finding by Rose et al. (25) that glutamate added to a mixture 
of essential amino acids results in growth stimulation, while aspartate has 


no effect. The low fixation into these two amino acids of both deficient | 


and normal rats may be due to the fact that on a high protein diet they had 
an adequate dietary supply of aspartic and glutamic acids and were not 
obliged to synthesize their own. It has been demonstrated in Paper ! 
(11) that aspartate inhibits the fixation of CO, by Lactobacillus arabinosu, 
and the same situation may arise here. 

Delluva and Wilson (8) have recently shown that the normal rat incor 
porates more labeled carbon into arginine isolated from liver protein thas 
into either aspartate or glutamate. They interpret this on the basis d 
the function of arginine in the urea cycle. Our results similarly indicate 
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a high fixation of C™ into liver arginine and, as shown in Table III, the 
control rat fixed about 6 times as much C* into this amino acid as did the 
the deficient animal. Since the liver is the main organ of urea formation, 
this suggests that there may be a slower rate of urea formation in the 
liver of the biotin-deficient rat. 

It should be remembered that the arginine isolated was that of tissue 
protein and not “free” arginine which might, at the moment, be participat- 
ing in urea formation. The isotopic amino acids formed during metabo- 
lism are also considerably diluted with non-isotopic amino acids of dietary 
origin when they are incorporated into tissue protein. It should also be 
pointed out that the major portion of the injected CO, is excreted as 
respiratory CO;. Gould ef al. (21) have recently reported that over 90 
per cent of an injected dose of NaHC™O; is excreted within 4 hours in 
this manner. 

There was also a marked difference in C" fixed in the purine bases iso- 
lated from the viscera nucleic acid. The adenine isolated from the defi- 
cient rat contained about one-half as much C™ and the guanine about 
one-seventh as much C™ as did the corresponding compounds from the 
control animal. This ratio of C™ in the adenine samples was the same as 
that in the respiratory CO,, while the C" ratio in the guanine samples was 
very different. The fact that there was a much greater fixation of C™ into 
the guanine of the normal rat than into the adenine seems noteworthy. 
The values reported were checked with different counter tubes on subse- 
quent recrystallizations. Adenine has been considered a precursor of 
guanine, since dietary adenine is incorporated into nucleic acid adenine 
and guanine, as demonstrated by Brown et al. (26, 27). However, dietary 


guanine is not incorporated into nucleic acid adenine or guanine (26, 28). 
_ One explanation for the much higher C™ fixation into guanine may be 


that the guanine, when once formed from adenine, can undergo CO, 
exchange without complete disruption of the molecule. 

It is probable that the C" in the purines is mainly in position 6, and toa 
lesser extent in position 4, since it has been shown by Buchanan et al. (9) 
that isotopic CO, is fixed into these positions in uric acid, which is pre- 
sumably derived, at least in part, from the purines. These authors suggest 
a mechanism for the fixation into position 4 on the basis of a condensation 
of CO, with pyruvate and subsequent formation of isotopic lactate. To 
date there has been no suggestion for a mechanism of CO, fixation into 
position 6. However, once the purines are synthesized, carbon 6 in adenine 
is fixed by virtue of the amino group attached to it, but it is possible that 
carbon 6 in guanine might undergo CO, exchange. In this connection, 
the difference in the ratios of adenine C™ to guanine C™ should be pointed 
wt. The adenine C“ to guanine C" ratio for the control animal is 1:3.8, 
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while for the deficient animal it is only 1:0.8. Some type of metabolic 
CO; exchange, as suggested, may account for the lower C™ level in the 
guanine of the deficient rat compared with the adenine from the same 
animal. In any case, it is apparent that the deficient animal was les 
capable of utilizing CO, for nucleic acid purines than was the norma] 
animal. 

From 15 minutes to 3 hours after the administration of the isotopic 
carbon, the deficient animal consistently excreted about one-half as much 
CO, as respiratory CO, as did the control animal. However, there was 


only about one-third to one-fourth as much C*™ in the bone carbonate of | 


the deficient animal compared with the control. Therefore, it seem; 
unlikely that the presence of C™ in the bone carbonate is due merely to 
adsorption or simple exchange of CO:, but it is probable that ap 
enzymatically catalyzed fixation mechanism is involved as well. 

There appeared to be no C" in the bone citrate of the deficient animal, 
whereas that from the control showed a small but definite quantity of iso- 
topic carbon. This would seem to indicate that bone citrate is in dynamic 
equilibrium with other tissue citrate. The small fixation is probably due 
to the fact that the major portion of the isotopic citrate formed would be 
immediately oxidized via the citric acid cycle. 

In a continuation of this work, experiments have been carried out! on 
the influence of biotin deficiency on the ability of rat liver to synthesiz 
citrulline from ornithine. These results (to be published later) demon- 
strate that livers from biotin-deficient animals synthesize citrulline about 
one-half as rapidly as do normal rat tissues. Liver tissue from rats pair 
fed with the biotin-deficient rats synthesized citrulline as rapidly as did the 
normal controls. Normal rates of citrulline synthesis were also obtained 
with tissues from vitamin Be-deficient rats and their pair-fed controls. It 
seems probable that biotin is required as a coenzyme in several different 
enzymatic reactions involving the fixation of CO:, or that it is essential for 
the formation of a single common precursor which is incorporated into the 
carbon structure of arginine, aspartic acid, citric acid, and the purines. 


We are indebted to Professor R. H. Burris for generously supplying C | 


and facilities for its determination. 


SUMMARY 


Intraperitoneal injection of sodium bicarbonate containing C" into nor 
mal and biotin-deficient rats resulted in a larger C™ fixation into the 
adenine, guanine, arginine, aspartic acid, citric acid, and bone carbonate 


1 In collaboration with Dr. 8. Grisolia and Professor P. P. Cohen. 
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of the control animal than into the corresponding compounds of the biotin- 
deficient animal. ‘The implications of these results are discussed. 
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PHOTOMETRIC MEASUREMENT OF PLASMA pH 


Br DONALD D. VAN SLYKE, JAMES R. WEISIGER, anv K. KELLER 
VAN SLYKE* 


(From the Hospital of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, December 30, 1948) 


The advantages of the spectrophotometric technique in applications of 
indicator methods were pointed out in 1924 by Brode (1) and by Holmes 
(2, 3) who emphasized the accuracy of readings, the freedom from error 
from phenomena of dichromatism, the ease with which corrections can be 
made for color or turbidity in the material examined, and the small amounts 
of fluid that can be used. Over comparator technique the photometric 
has also the advantage that the latter does not require the continuous use 


of numerous standards. 


Nevertheless the spectrophotometer has not found general application 
in measurement of plasma pH. Perhaps one reason is that the careful 
studies of Robinson and Hogden (4) on the optical density curves of phenol 
red in serum, buffered to known pH levels by mixing with phosphate and 
veronal buffers, showed peculiar effects of the plasma proteins on the den- 
| sity curves of the dye. The wave-length at which the dye showed maximal 
optical density was shifted from its normal value of 560 my, and dye den- 
sities measured at 560 my were significantly decreased by the presence of 
the proteins. The effect was greater when phosphate was used than when 
veronal buffers were employed. 

Results in the present paper show that when human plasma is diluted 
with 20 volumes of neutral 0.9 per cent NaCl solution containing phenol 
red, the only buffers present being those of the plasma, effects of the pro- 
teins on the optical density of the dye, such as those observed by Robinson 
and Hogden in serum diluted with phosphate or veronal buffer solution, 
either do not occur, or occur only to such an extent as to balance a slight 
increase in pH caused by diluting the plasma with the NaCl solution. 


Consequently it is possible to estimate human plasma pH from the optical 


density of phenol red in the diluted plasma with a standard deviation, from 


the pH determined in undiluted plasma by the hydrogen electrode, of only 
+0.02 pH unit. 

The indicators, temperature control, and conditions for diluting the 
plasma are the same as those used by Hastings and Sendroy (5) in colori- 
metric plasma pH measurements by means of test-tube comparators, but 
changes in so many details have been found expedient in adapting the pro- 
vedure to the spectrophotometer that their description appears desirable. 


* Present address, Medical College Hospital, Richmond, Virginia. 
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Relation of Optical Density to pH and pK’ of Indicator 


With the sulfonphthalein indicators (4-8) it has been found that the rela. 
tion of optical density to pH can be formulated, for the useful ranges of the 
indicators, on the assumptions (1) that the indicator is divided into the 
undissociated acid, HA, and the anion, A~, according to the Henderson. 
Hasselbalch equation for weak acids, the anion A~ representing the dis. 
sociated alkali salt of the indicator, and (2) that each of the two forms of 
the indicator has its own characteristic curve of optical density versus wave. 
length of transmitted light, the densities of the two forms being additive. 

Let E, and EF; be the optical densities of the alkaline and acid forms of 
the indicator, respectively, measured in solutions of unit concentration (e,., 
1 mg. or 1 mo per liter), and with a transmitting layer 1 cm. in length. 
Let D be the measured density at any given pH in the useful range of the 
indicator, in a solution of S concentration of total dye, with a transmitting 
layer of lcm. Let f be the fraction of the indicator in the alkaline form, 
A~, and 1—f be the fraction in the acid form, HA. Then, for light of a given 


wave-length, 

(1) D=lE, fS+1E,(1 — f)S 

When D, and D, are the optical densities of the alkaline and acid forms, re- 
spectively, of the indicator measured in a cuvette presenting the same | 


used to measure D, and in a solution of the same concentration, S, used to 
measure D, the equation simplifies to 


(2) D = Df + D1 — f) 


The Henderson-Hasselbalch equation, pH = pK’ + log ({(A~]/{HA]) may | 


be written as pH = pK’ + log (f/(1 —f)). From Equation 2, f = (D - 
D:)/(D: — Ds). Whence (f/(1 — f)) = (D — D2)/(Di — D), and 


D — 
D, — D 


When, at the wave-length used, D, = 0 (e.g., phenol red with wave-length 
550 to 560 my (4)), Equation 3 simplifies to 


(3) pH = pK’ + log 


D 
(4) pH = pK + log 5p 


The above formulation applies to the method described in the present 


paper. | 
In the application of Equations 3 and 4 to pH measurement, requir 
ments for accuracy are that the measurements of D be made with solutions 


of the same dye concentration, S, and in cuvettes presenting the same | 
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ysed in determining the constants D, and D,; accurately calibrated cuvettes 
and accurately measured additions of dye are therefore essential. 

With some indicators the necessity for constant / and S can be avoided 
by measuring in the same cuvette two optical densities, D, and D», at two 
different wave-lengths, a and b, such that the pH is indicated by the ratio 
D.:D». The theoretical basis of the procedure may be formulated from 
Equation 1 as follows, subscripts a and b being used to indicate values at 
the wave-lengths a and b respectively. 

SUfEa + (1 — 


‘5 SULfEs + (1 — 


The values of S and / cancel out, and the ratio D,: D, becomes the meas- 
ure of f and hence of pH. The curve of D,: Dy» versus pH can be plotted by 
calculating f for values of pH calculated by the Henderson-Hasselbalch 
equation in the form, f = 1/(1 + antilog (pK’ — pH)). 

Freedom from necessity for accurate addition of dye to obtain a constant 
S value may offer a significant advantage when small volumes are used. 
On the other hand, the ratio procedure has the disadvantage that it requires 
two readings, so that their errors are additive. The procedure has recently 
been used by Rutledge (7) for plasma pH determinations with phenol red, 
with measurement of densities at the wave-lengths 565 and 420 mu, at 
which maximal densities are approached by the alkaline and acid forms of 
the indicator, respectively. 


Special Apparatus 
A photometer, preferably capable of receiving cuvettes in the form of 
test-tubes.' 
A small water bath set at 38.5° and provided with a rack to hold six or 
more cuvettes. 
Cuvettes, cylindrical, of about 16 mm. bore for macrodetermination, and 
about 10 mm. for microdetermination.’ 


! The present work was done chiefly with the Coleman junior spectrophotometer> 
Coleman Electric Company, Maywood, Illinois. 

? As cuvettes we have used ‘‘culture’”’ test-tubes, No. 9446 of the Arthur Thomas 
Company, 150 X 18 mm. external measurement (16 mm. bore) for macrodetermina- 
tions, 75 X 12 mm. (10 mm. bore) for microdetermination. The cuvettes of each set 
were tested for uniformity by measuring in them the optical density of a solution 
of phenol red, 2 mg. per liter, in 0.002 n NaOH, with light of 550 my. The solution 
thowed an optical density of about 0.40 in the larger cuvettes and 0.23 in the micro 
cuvettes. A set of each size is selected such that each tube of a set gives an optical 
density within +0.5 per cent of the mean and shows no change when the tube is 
rotated. From 100 tubes it is usually possible to select a set of twenty which meet 
these requirements. We have found that this selection yields more uniform cuvettes 
and is more economical than the purchase of calibrated cuvettes. 
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A 2 ml. graduated pipette drawn out near the tip into a capillary about 
30 mm. in length and 1 to 1.5 mm. in bore. The capillary is used for de. 
livering plasma into saline-dye solution under a layer of oil. 


Permanent Solutions 


Stock Solutions of 0.6 m Na,HPO, (142.0 Gm. per Liter) and KH,P0, 
(136.1 Gm. per Liter)—Anhydrous salts are used. The solutions are kept 


in Pyrex flasks in an ice box. The stock solutions are made of 0.5 M instead | 


of m/15 concentration because the latter are less stable. From the Na;HP9, 
solution crystals separate in the cold, but they are readily redissolved 


by warming each time the solution is used. The solutions in stoppered — 
Pyrex flasks keep unchanged in the refrigerator for at least 1 year. The 


Na,HPQ, solution will absorb atmospheric CO, and change its pH value 
if much exposed to air. Hence the stoppers are removed from the flasks 
only for the intervals necessary to withdraw solution for use. 


TABLE I 
Preparation of Standard 0.5 u Phosphate Solutions 


ml. mil. | 
50.0 3.68 | 7.18 7.12 7.11 7.10 
50.0 11.48 7.43 7.42 7.41 7.40 
50.0 oe. 7.71 7.70 


0.56 m Mixed Phosphate Solutions—These three solutions are made by 
mixing the above stock solutions in the proportions shown in Table I. 
Into each of three Pyrex Erlenmeyer flasks of 125 ml. capacity pipette 50 ml. 
of the 0.5 m Na,HPO, solution. Then from a 25 ml. burette measure the 
volumes of 0.5 m KH;POQ, solution indicated in Table I. The solutions 


will keep unchanged for a year if kept stoppered in a refrigerator. They - 


are used for preparing the less stable m/15 standard phosphate solutions. 


The proportions of Na;HPO, and KH;PO, for different pH values are interpolated 
from the data of Hastings and Sendroy (5) who determined with the hydrogen elec- 
trode at 20° and 38° the pH values of twenty-five mixtures of m/15 phosphates over 
the pH range from 6.8 to 8.1, their electrodes being standardized with 0.1 x HC), 
which was assumed to have a pH of 1.08 at both temperatures.’ Because of the 


* The reasons for the utility of 0.1 n HCl, with assumed pH of 1.08, as a standard 
have been presented by Cullen, Keeler, and Robinson (9), on grounds that appear to 
be still valid. This standard is the present basis of many of the data used in bio 
chemistry, such as the values of the pK’ of the IHlenderson-Hasse!balch equation used 
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small and linear change of the pK’ of phosphate with pH, the simplest procedure to 
obtain exact interpolation, and to detect deviations of individual data from the trend 
of the series, is to plot the best line of the equation, pK’ = a + b pH, and estimate 
values of pK’ for desired pH values by interpolation on this line. The best lines 
for 20° and 38° are indicated by the equations 


(6) pK's0e = 7.125 — 0.045 pHaee 
(7) pK’s* = 7.107 — 0.0467 


Of the 50 sets of Hastings and Sendroy’s values, all but two at 20° and one at 38° 
gave values for pK’ within +0.004 unit of those indicated by Equations 5 and 6. 

From these equations R, the ratio Na,HPO,: KH;PQ,, of the Henderson-Hassel- 
balch equation, pH = pK’ + log R, is defined for m/15 phosphate solutions at the 
two temperatures by Equations 8 and 9. 


(8) log Ree = 1.0450 pHae — 7.125 
9) log Rese = 1.0467 — 7.107 


When 50 ml. of NazH PO, solution are used, the ml. of KH;PO, are calculated for any 
pH as 50/R. 


Phenol Red, Stock 0.1 Per Cent Solution—Grind 100 mg. of phenol red 
with 28.2 ml. of 0.01 N NaOH till dissolved, and dilute to 100 ml. (6). For 
several days after the solution is prepared the phenol red may undergo 
change, indicated by a shifting of the pH-optical density curve prepared 
with solutions of the dye in phosphate buffers. Hence, in order to have a 
stock solution from which working solutions of relatively constant optical 
properties can be prepared, it is preferable to prepare the stock solution 
several days before use of it is begun. 

Phenol Red Solution, 80 Mg. per Liter—Dilute 20 ml. of 0.1 per cent 
phenol red solution to 250 ml. with water. Store in a Pyrex flask in the 
refrigerator. It will usually keep several months without change in optical 
density values. The stability of the dye is checked by repeating the de- 
termination of the standard curve of pH versus optical density (see below) 
once a month or oftener. 

NaCl Solution, 22.5 Per Cent (225 Gm. per Liter). 


for bicarbonate solutions (10), for blood plasma (9, 11, 12), and for urine (13). pH 
values obtained on the basis of this standard agree nearly within the limit of ex- 
perimental error with values at 18° based on the original phosphate buffer solution 
of Sgrensen (14). 0.1 ~ HCl was used as standard by Sendroy, Shedlovsky, and 
Belcher (15) together with the acetate standards of MacInnes, Belcher, and Shed- 
loveky (16). Liquid junction potential made the 0.1 n HCl give Eo values less ac- 
curately reproducible than values by the acetate standards in the glass electrode. 
In the Clark type of hydrogen electrode, however, the HC] values were found re- 
producible, and, in agreement with the acetate values, to less than 0.01 pH (Mac- 
Innes, personal communication). 
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NaCl Solution, 0.9 Per Cent—Dilute 10 ml. of the 22.5 per cent solution 
to 250 ml. 
feutralized Mineral Oil—In a 500 ml. separatory funnel place about 209 
ml. of mineral oil, an equal volume of water, and a few drops of 0.1 per cent 
phenol red solution. Add 0.02 n NaOH a drop at a time with vigorous 


shaking until the water solution of indicator becomes permanently pink, | 
Centrifuge the oil to get out suspended water droplets. Decant the clear 


oil with care that none of the water from the bottoms of the centrifuge 
tubes is mixed with the oil. Store in a stoppered flask. 


Approximately 0.02 n NaOH, kept in a Pyrex vessel and protected from 


exposure to atmospheric CQ. 


Solutions Made Immediately before Use 


Neutralized Saline-Dye Solution with 8 Mg. of Phenol Red per Liter—This 
solution is prepared immediately before it is to be used, as the pH is likely 
to fall too much if the solution stands for more than an hour or two. Ip 
a 100 ml. volumetric flask place 4 ml. of the 22.5 per cent NaCl solution 
and about 80 ml. of water, and measure in accurately 10.00 ml. of the 8 
mg. per liter phenol red solution. Add by drops 0.02 Nn NaOH solution, 
stirring by rotating the flask after each addition, until the color of the 
solution, judged by the eye, indicates that the pH is approaching 7.4. 
Then fill the flask to within about 0.2 ml. of the mark, and continue addition 
of the 0.02 n NaOH a drop at a time until the pH at room temperature is 
between 7.4 and 7.6. The pH is tested at this stage after each addition of 
NaOH by pouring about 10 ml. of the solution into a cuvette and reading 
quickly the optical density. The solution is then returned to the 100 ml. 
flask, and, if necessary, more 0.02 n NaOH is added. This procedure is 
repeated until the pH is raised to between 7.4 and 7.6. It is better to have 


it a little above 7.4 rather than below, because the pH tends to fall from — 
absorption of atmospheric CO, while the solution is being used. If the | 


pH falls below 7.4 before a series is finished, it may be restored by adding 


a drop of 0.02 n NaOH to the unused residue of the solution. Keep the — 


100 ml. flask containing the solution stoppered to retard absorption of at- 
mospheric CO,. As shown by Hastings and Sendroy (5), the accuracy of 
the colorimetric pH determination is not significantly affected if the pH of 
the saline dye solution is within +0.2 pH unit of the plasma pH. 

m/15 Standard Phosphate-Dye Solutions of pH 7.10, 7.40, and 7.70 (at 38°) 
Containing 7.62 Mg. of Phenol Red per Liter—(These are needed only when 
the pH-optical density curve is checked.) For standards for the macro- 
procedure described below, prepare six dry test-tube cuvettes with stoppers. 
Duplicate cuvettes are prepared with each of the three phosphate solutions 
of Table I. Into each cuvette measure 8.15 ml. of water, 1.35 ml. of 0.5 
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mixed phosphate solution (Table I), and, from a calibrated pipette, 1.000 
ml. of the 80 mg. per liter phenol red solution, making a total volume of 
10.5 ml. After adding the dye solution, mix the contents of each cuvette 
with a footed rod and at once stopper the cuvette to protect from atmo- 
spheric COs. 

If the microprocedure is to be used, one solution of each pH is prepared 
as above, and duplicate portions of each are pipetted into micro cuvettes. 

The solutions with the three pH values are used on the same day on which 
they are made. 


Preparation of Standard pH-Optical Density Curves 

Prepare three pairs of cuvettes with M/15 phosphate of pHgs- 7.10, 7.40, 
and 7.70, respectively, as described above. 

Two curves are prepared, one with the standard phosphate-dye solutions 
at room temperature, the other with the same solutions warmed to 38°. 
The six tubes provide duplicate readings for each pH point. 

For the room temperature curve the optical densities of the freshly pre- 
pared standard phosphate-dye solutions are read in the photometer, the 
wro point being set with a water blank before each reading. (This curve 
is used only for checking the approximate pH of saline-dye solutions.) 

For the 38° curve the six cuvettes containing the standard phosphate- 
dye solutions are placed in a bath of water of temperature 38.5°. The 
cuvettes are immersed so that the surfaces of their solutions are below the 
level of the water surface in the bath. 5 minutes in the bath suffice to 
bring the solutions to its temperature. Each tube is removed from the 
bath, wiped, and its optical density is quickly read with a wave-length of 
550 mu before its temperature falls below 38°. (1° temperature change 
alters the apparent pH by about 0.01 unit.) The zero point of the pho- 
tometer is set before each reading with a water blank, which need not be 
warmed. 

The densities for the 38° curve are plotted for the pH values 7.10, 7.40, 
and 7.70; the densities for room temperature are plotted for the pH values 
indicated by Table I. Since the curves are nearly linear, three points 
suffice for each. They are plotted on a scale which permits estimating 
densities to +0.001 and pH to +0.002. Fig. 1 shows an example of the 
curve obtained with cuvettes of approximately 16 mm. bore.” 


MACROPROCEDURE FOR DETERMINATION OF PLASMA PH 


Preparation of Duplicate Saline Plasma-Dye Solutions and of Blank Solu- 
hon—Draw about 5 ml. of blood without exposure to air and run the blood 
under oil previously placed in a tube that contains a dry film of heparin 
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(0.2 mg. per ml. of blood) or of neutral potassium oxalate (1 to 2 mg. per 
ml. of blood). 

Centrifuge under conditions avoiding loss of CO,. Blood centrifuged 
under a thick layer of oil may lose enough CO, to the oil to raise appreciably 
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71 7.2 1.3 7.4 7.5 7.6 1.7 
pH 


Fic. 1. Type of nearly linear curve of optical density of phenol red, measured 
with light of 550 mg wave-length, at pH 7.1 to 7.7. 


Fic. 2. Test-tube cuvette with cork float, oil, and blood, prepared for anaerobit 
centrifugation. See foot-note 4. 


the pH of the plasma. A convenient device for anaerobic centrifugatio 
is the float shown in Fig. 2.4 The float is inserted after the blood has been 


4 The float is of a diameter about 1 mm. less than the bore of the centrifuge tule. 
The float may be made of thin glass tubing, a flattened nob being left at the top tok 
grasped by pincers when the float is withdrawn from the tube. The float may sls 
be made of cork. by grinding a stopper to a cylinder of the necessary diamete, 
rounded at both ends as shown in Fig. 2. To facilitate withdrawing the cork from 
tubes, a thin copper wire is forced part way into the cork, as shown in Fig. 2. 
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run under the oil and mixed with the anticoagulant. Then, by gently 
pressing a capillary tube attached to suction against the upper edge of the 
float, oil is withdrawn until the bottom of the float sinks nearly to the sur- 
face of the blood, leaving a layer of oil only 1 or 2 mm. thick between float 
and blood. The tube is centrifuged with the float in place. Just before 
plasma is withdrawn for the pH determination, the float is removed from 
the tube, leaving a thin layer of oil, which protects the blood during the 
time required for pipetting out the plasma sample. 

Pipette two 10.00 ml. portions of the neutralized saline-dye solution into 
two cuvettes, for duplicate determinations, and immediately cover with 
neutralized mineral oil. In a third cuvette place 10 ml. of 0.9 per cent 
NaCl solution without dye or oil to receive plasma for the plasma blank. 

Draw 1.6 ml. or more of plasma into the 2 ml. graduated pipette, the tip 
of which is drawn out into a capillary (see “Special apparatus’’). 

Run 0.5 ml. of plasma into each of the two cuvettes containing 10.00 ml. 
of saline-dye solution under oil, the drawn out tip of the pipette being thrust 
through the oil into the saline-dye solution during the delivery. 

A third 0.5 ml. portion of plasma, to serve as a blank, is then delivered 
into the cuvette that contains 10 ml. of 0.9 per cent NaCl without dye or 
oil. 

Mix the solutions in all three cuvettes by stirring with clean, footed rods. 

Place all the cuvettes in a water bath at 38.5°. Begin readings after the 
cuvettes have been in the bath 5 minutes. 

The use of duplicate solutions of plasma plus dye adds security against 
error from contaminated or inaccurately calibrated cuvettes. The readings 
of the duplicates seldom differ by more than 0.01 pH, however, and the 
duplicate plasma solution may be omitted when plasma for it is lacking. 

Photometric Readings—The optical density, D, of the dye in the dye- 
plasma solution is read, with the dye-free plasma-saline solution as a blank. 
Readings are made with the solutions at 38°, as described for readings of 
the phosphate-dye solutions in preparing the standard curve. 

In a photometer in which the blank and unknown are read in succession 
with the cuvettes in the same light beam, it is convenient, for a series of 
readings, to set the zero point with a water blank, and read the densities 
of both the plasma-saline blank and the plasma-dye solution, rather than 


‘In arecent paper Rosenthal (17) has found that in order to obtain pH values for 
plasma exactly equal to those of the blood as drawn it is necessary to centrifuge at 
%°. If the blood was cooled to 20° and centrifuged at that temperature, and the 
separated plasma was then warmed back to 38° for pH measurement, the pH obtained 
was about 0.03 unit greater than that observed if the centrifugation was carried out 
st38°. However, practically all the data in the literature on the pH of blood plasma 
under physiological and pathological conditions have been obtained from plasma 
centrifuged at room temperature, and, for purposes of comparison with these data, 
it appears justifiable to continue the practice of centrifuging at room temperature. 
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to reset the zero of the photometer with each plasma blank. Then the 
dye density, D, is calculated as D = D, — Dz, where D, is the density of 
the plasma-dye solution and PD» is the density of the plasma blank 
The setting of the zero with the water blank is checked with each plasma 
reading. 

Calculation 


The pH is estimated by interpolation of D on the standard curve of pH 
versus D at 38°. 

Blank for Optical Density of Plasma—The D, values obtained with nor. 
mal, apparently clear plasmas in the cuvettes of 16 mm. bore have varied 


between 0.01 and 0.04 optical density units, sufficient to affect the estimated _ 


pH by 0.015 to 0.06. In such plasmas, from normal blood not lipemic 
from recent meals, one could, in case of necessity from lack of material, 
omit the D, reading and subtract 0.04 pH unit from the pH estimated from 
the D, reading, with a resultant error not exceeding +0.02 pH unit. After 
high fat meals have produced dense lipemia, however, D, values as high as 
0.11 have been observed in 21-fold diluted normal plasma, and some path- 
ological lipemias gave even higher values. These did not appear to affect 
the accuracy of the pH determinations when the plasma blanks were 
handled as described for the method. 


MICROPROCEDURE FOR PLASMA PH 


The procedure is identical with that described above, except that cuvettes 
of approximately 10 mm. bore’ are used, and one-fifth the volumes of plasma 
and saline-dye solution taken for the macroprocedure, the amount for each 
cuvette in the micromethod being 0.1 m1. of plasma and 2 ml. of the saline- 
dye solution. 


MICROPROCEDURE WITH WHOLE BLOOD 


As shown by Hawkins (18), and confirmed by Hastings and Sendroy (5), _ 


if whole blood is mixed with 10 times its volume of neutral saline-dyve solv- 
tion and immediately centrifuged, estimation of the pH from the color d 
the supernatant solution gives the same results as those obtained by first 
separating the plasma and then diluting it with 20 volumes of the saline- 
dye solution, as in the procedures described above. We have performed 
a few comparative analyses which indicate that similar identity of results 
is obtained when the measurements are based on optical densities. 

The reagents are the same as for plasma, except that the dye in the saline 
dye solution mixed with the blood is made 5 per cent stronger (5). Hence, 
instead of diluting 10 ml. of the 80 mg. per liter dye solution to 100 ml, 
10.5 ml. are diluted to 100 ml. to prepare the saline-dye solution. 
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Procedure 


0.2 ml. of whole blood is run into a micro cuvette containing 2 ml. of 
neutral saline-dye solution, which is covered with a few mm. of oil and 
mixed with the blood. The oil is replaced by low melting paraffin, 
and the tube is at once centrifuged. The blood blank is prepared in the 
same Way, except that the blood is mixed with 0.9 per cent NaCl contain- 
ing no dye. 

The centrifuged cells should settle so closely to the bottom of the cuvette 
that they are below the path of light in the photometer. If this is not the 
case, the bottom of the slit in the adapter, in which the cuvette rests during 
readings, is covered with black paper to a sufficient height to insure that 
the cells will remain below the path of light. The photometer readings 
must be made within a half hour after centrifugation, or plasma pH may 
fall from acid formed in the cells. 


EXPERIMENTAL 
Determination of Plasma pH with Hydrogen Electrode 


Preparation of H,-CO, Mixtures—A low pressure steel tank was con- 
nected through heavy walled rubber tubing to a T-tube connected through 
stop-cocks to a flask of solid CO, and toa high vacuum pump. To remove 
air the tank was alternately evacuated and allowed to fill to atmospheric 
pressure with CO, three times. It was then evacuated again, and suffi- 
cient CO., measured by pressure, was admitted to give the desired amount 
in the final CO.-H, mixture. The tank was then coupled to a high pres- 
sure tank of hydrogen and loaded to a total of 50 pounds positive pressure. 
Samples of the gas were withdrawn over mercury and analyzed for carbon 
dioxide content by the isolation method of Van Slyke, Sendroy, and Liu 
(19). Mixtures were thus prepared of the composition indicated in Table 
II. 
Preliminary Equilibration of Plasma with H:-CO, Mixture—10 ml. of 
fresh plasma were introduced into a 500 ml. separatory funnel fitted at the 
mouth with a tube closed with a pinch-clamp on rubber tubing. The 
funnel was evacuated with a water pump and filled with hydrogen-carbon 
dioxide mixture from the tank. The funnel was transferred to the 38° room 
and allowed to attain atmospheric pressure by quickly opening and closing 
the stop-cock as the gas warmed. Equilibration with the gas was obtained 
by rotating the funnel and passing fresh H.-CO, mixture through it. 

pH Measurement in Clark Cells—Four Clark (20) cells (Cullen modifica- 
tion (21)) were connected through saturated KCl liquid junction to a 
saturated KCl-calomel electrode and each was filled completely with the 
previously equilibrated plasma. To assure complete equilibration fresh 
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gas mixture was passed through each cell for 1 minute, displacing part of 
the plasma. The cell was then closed, except for the hydrogen inlet tube, 
and was rocked for 15 minutes with the hydrogen-carbon dioxide mixture 


at atmospheric pressure. 
Taste II 
Comparison of Electrometric and Photometric pH Values at 38° 
en 2 
plasma 
per cent 

1 7.60 7.58 7.60 | —0.02 4.90 0 
2 7.32 7.32 7.34 | 0.00 4.90 0 
3 7.21 7.20 7.20 | —0.01 6.22 0 
4 7.23 7.22 7.19 | —0.01 6.22 0 
5 7.24 7.24 7.23 | &0.00 6.22 0 
6 7.14 7.13 —0.01 6.22 0.025 vol. 0.2 N lactic 
7 7.63 7.63 7.65 | 40.00 1.97 0 
8 7.63 7.65 7.65 | +0.02 1.97 0 
gy 7.35 7.37 +0.02 1.97 0.025 vol. 0.2 N lactic 
10 7.36 7.33 —0.03 5.25 0 
ll 7.43 7.47 7.47 | +0.04 4.18 0 
12 7.50 7.54 7.52 | +0.04 4.18 0 
13 7.51 7.52 +0.01 4.18 0 
14 7.53 7.53 +0.00 4.18 0 
15 7.44 7.46 7.43 | +0.02 4.18 0 
16 7.17 7.19 +0.02 4.18 0.015 vol. 1 N lactic 
17 7.34 7.36 +0.02 6.65 0 
18 7.65 7.64 7.63 | —0.01 6.65 0.04 vol. 1 Nn NaOH 
19 7.27 7.27 7.27 | +0.00 4.48 0.015 *“ 1‘ HC 
20 7.07 7.03 7.01 | —0.04 4.48 0.02 “1% * 
21 7.83 7.82 —0.01 4.48 0.04 ‘ 1 ‘* NaOH 
22 6.93 6.89 —0.04 5.82 0. 
23 7.68 7.68 +0.00 5.82 0.04 ‘* 1 “* NaOH 
24 7.39 7.40 7.42 | +0.01 5.82 0 
25 7.16 7.18 7.17 | +0.02 5.82 0.015 vol. 1 n HCl 
26 7.46 7.47 +0.01 5.82 0 

Average deviation..............  +0.002 | 

0.022 


£0.04 


Potentials were measured to the nearest 0.1 mv. by a type K Leeds and 
Northrup potentiometer and a sensitive Leeds and Northrup galvanon- 
eter. Usually all four cells gave similar results. If one deviated mark- 


edly from the other three, it was discarded in calculating the average. 
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All measurements were carried out in a room at a constant temperature 
of 38°. The actual temperature at the electrode was measured and the 
necessary corrections were applied to the pH calculation. 

The platinum black electrodes were prepared with a heavy coating of 
platinum over gold over smooth platinum. It was generally necessary to 
replate after two determinations of plasma pH. 

The hydrogen electrodes were standardized at 38° with each CO,-H, 
gas mixture against 0.1000 N hydrochloric acid, the pH of which was as- 
sumed to be 1.08. All measurements were corrected for actual hydrogen 
pressure, as calculated from the barometric pressure, the H; content of 
the H,-CO, mixture, and the vapor pressure of water at 38°. 


Determination of Plasma pH with Glass Electrode 


After the completion of the hydrogen electrode measurements a sam- 
ple of the plasma was withdrawn from a Clark cell directly into a Mac- 
Innes-Belcher (22) electrode, modified by Michaelis (23), which was fitted 
at the base with a stop-cock. Liquid junction to saturated KCl was es- 
tablished by immersing the end of the electrode in a beaker of KCl con- 
nected with a calomel half cell. The pH was determined with a vacuum 
tube electrometer of a type similar to that of the Cambridge Instrument 
Company. The entire operation was carried out in the 38° constant tem- 
perature room. ‘The glass electrode was standardized against two known 
u/15 phosphate solutions, one of pH above, the other below, that of the 
plasma. 


Determination of Plasma pH with Photometer 


After the measurements with the hydrogen electrodes were completed, 
4 2.0 ml. graduated pipette, fitted with a bent capillary at the tip for en- 
tering the Clark cells, was filled with plasma from one of the cells. Three 
portions of 0.5 ml. each were run into cuvettes containing 10 ml. portions 
of saline-dye solution, as described for the macromethod. The fourth 
portion of 0.5 ml. of plasma was used for the plasma blank. The pH de- 
terminations, in triplicate, were made as described for the photometric 


procedure. The three values of each set usually agreed within 0.01 pH 
unit. 


RESULTS 


Comparative results by the three procedures are given in Table II. 
Some of the plasmas were mixed with acid or alkali, as indicated in Table 
II, to simulate conditions with low or high alkali reserve. In Plasmas 7, 
8, and 9 the CO, tension was lowered, to give the conditions of a respira- 
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tory alkalosis in Plasmas 7 and 8, and of a compensated low alkali reserye 
in Plasma 9. 

Both the observed maximal deviation between pH values obtained by 
the hydrogen electrode and the photometer, respectively, and the maxi 
mum estimated as twice the standard deviation indicate a deviation of 
+0.04 as the maximum. Of the twenty-six plasmas, twenty-one showed 
deviations not exceeding 0.02 pH unit. 


SUMMARY 


The effects of plasma proteins on the optical density of phenol red, ob. 
served by Robinson and Hogden in plasma diluted with phosphate or 
veronal buffers, are found to be negligible in plasma diluted with 20 vol. 
umes of 0.9 per cent NaCl solution. 

Procedures are described for spectrophotometric measurement of plasmas 
pH in samples of 1.0 to 0.2 ml. of blood or plasma. The standard devia- 
tion from pH values measured by the Clark hydrogen electrode was +0,02 
pH. 


BIBLIOGRA PHY 


Brode, W. R., J. Am. Chem. Soc., 46, 581 (1924). 

. Holmes, W. C., J. Am. Chem. Soc., 46, 627 (1924). 

. Holmes, W. C., and Snyder, E. F., J. Am. Chem. Soc., 47, 221, 226 (1925). 

Robinson, H. W., and Hogden, C. G., J. Biol. Chem., 187, 239 (1941). 

Hastings, A. B., and Sendroy, J., Jr., J. Biol. Chem., 61, 695 (1924). 

Clark, W. M., The determination of hydrogen ions, Baltimore, 3rd edition (1928). 

. Rutledge, R. C., J. Lab. and Clin. Med., 33, 881 (1948). 

. Sendroy, J., Jr., and Hastings, A. B., J. Biol. Chem., 82, 197 (1929). 

. Cullen, G. E., Keeler, H. R., and Robinson, H. W., J. Biol. Chem., 66, 301 (1925). 

. Hastings, A. B., and Sendroy, J., Jr., J. Biol. Chem., 65, 445 (1925). 

. Hastings, A. B., Sendroy, J., Jr., and Van Slyke, D. D., J. Biol. Chem., 79, 18 
(1928). 

12. Robinson, H. W., Price, J. W., and Cullen, G. E., J. Biol. Chem., 106, 7 (1934). 

13. Sendroy, J., Jr., Seelig, S., and Van Slyke, D. D., J. Biol. Chem., 106, 463 (1934). 

14. Sgrensen, S. P. L., Ergebn. Physiol., 12, 393 (1912). 

15. Sendroy, J., Jr., Shedlovsky, T., and Belcher, D., J. Biol. Chem. , 115, 529 (1936). 

16. MacInnes, D. A., Belcher, D., and Shedlovsky, T., J. Am. Chem. Soc., 60, 10H 

(1938). 

17. Rosenthal, T. B., J. Biol. Chem., 178, 25 (1948). 

18. Hawkins, J. A., J. Biol. Chem., 67, 493 (1923). 

19. Van Slyke, D. D., Sendroy, J., Jr., and Liu, 8. H., J. Biol. Chem., 95, 531 (1982). 

20. Clark, W. M., J. Biol. Chem., 28, 475 (1915). 

21. Cullen, G. E., J. Biol. Chem., 62, 521 (1922). 

22. MacInnes, D. A., and Belcher, D., Ind. and Eng. Chem., Anal. Ed., 5, 199 (1988). 

23. Michaelis, L., Science, 88, 213 (1936). 


— 


| 
| 

| 
| 
| | 
| 
| 
| 


ve 


by 


ea, 


SPs 


23). 


933). 


PHOTOMETRIC MEASUREMENT OF URINE pH 


Br DONALD D. VAN SLYKE, JAMES R. WEISIGER, AND K. KELLER 
VAN SLYKE* 


(From the Hospital of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, December 30, 1948) 


The principles of photometric pH determination have been discussed in 
the preceding paper (1). The conditions used for urine are essentially 
those devised for the visual colorimetric method of Hastings, Sendroy, and 
Robson (2), except that (1) the Duboscq type colorimeter is replaced by a 
spectrophotometer, (2) lower dye concentrations are used in the cases of 
brom-cresol purple and brom-cresol green, and (3) for buffer standards over 
the pH range from 4.9 to 5.8 acetate solutions of 0.05 m concentration are 
used, prepared from the pK’ values of MacInnes, Belcher, and Shedlovsky 
(3), instead of the 0.2 m acetate standards of Walpole (4). In comparing 
the optical densities of solutions of brom-cresol purple in phosphate and 
acetate buffers of pH 5.8, at which the useful pH ranges of acetate and 
phosphate buffers overlap, it was found that when 0.2 M acetate was used 
the density of the dye in the acetate exceeded the density in m/15 phos- 
phate by an amount corresponding to a difference of 0.04 pH. The dif- 
ference is presumably attributable to the effect on the dye of the greater 
ionic strength of the 0.2 m acetate. When acetate of 0.05 m concentra- 
tion was used, the dye in it showed the same optical density as in m/15 
phosphate of the same pH. 


Permanent Solutions 


Stock 0.6 a Na,HPO, and KHP,O,—These are prepared and kept as 
described for plasma pH determinations (1). 

Stock 0.5 m Sodium Acetate and Acetic Acid Solutions—The concentra- 
tion of the acetic acid is checked by titration against standard NaOH 
solution. The sodium acetate solution may be prepared from NaC.H;0,-- 
3H,0 (68.03 gm. to a liter) of tested Na content, or it may be prepared by 
mixing equal volumes of 1 nN NaOH and 1 N acetic acid that have been shown 
by titration against each other to be of equal normality. 

Indicator Solutions—Solutions containing 1 mg. of dye per ml. are pre- 
pared by adding to 100 mg. of each dye the volume of 0.01 nN NaOH indi- 
cated by Table I and diluting to 100 ml. From these stock solutions por- 
tions of 6 and 8 ml. respectively are diluted to 100 ml. to make solutions 
containing 60 and 80 mg. of dye per liter. 

All the permanent solutions are kept in a refrigerator when not in use. 


* Present address, Medical College Hospital, Richmond, Virginia. 
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Solutions Prepared Fresh before Using 


m/15 Phosphate Buffer Solutions—These solutions are prepared from 
the 0.5 M solutions as indicated by Table Il. The proportions of Na,HP9, 
and KH:PO, are calculated from the pK’ values of Equation 7 of the pre. 
ceding paper (1). 

0.05 m Acetate Buffer Solutions—These are prepared as indicated by Table 
III. The acetate values given in Table III are calculated from the pk’ 
data of MacInnes, Belcher, and Shedlovsky (3). The data of these author 
show that the relation between ionic strength, u, and pK’ of acetate buffer 
solutions can be expressed by the equations, pK’ = 4.769 — 0.5774V/j at 
38° and pK’ = 4.756 — 0.5774./u at 25°. 


Tasie I 
Indicators for Urine pH 


Approximate 


| | Concentration | 
cal t 
pK’ of | indicator used | olive Appror- 
Indicator | ‘used for dicator| | In | of in densi 
(Hast-| urine | to | final | tight | | 
snake | to 10 | | used | towest highest| of 
- 2)) (Clark volumes pHof pHof | 
| s)) “urine tion | range | range 
| m | D D D 
Brom cresol green | 4.72 | 4.9-5.8 14.3 80 | 7.27 620 | 0.33 0.57 | 0.007 
“ “purple 6.09 | 5.8-6.9 18.5 60 | 5.45 | 590 | 0.28 | 0.71 | 0.00% 
Phenol red 7.78} 6.9-8.1 28.2 80 | 7.27 | 550 | 0.20 | 0.76 | 0.00% 


Preparation of Standard pH-Optical Density Curves 


Standard solutions are made by adding portions of 1 ml. of dye solution 
(60 or 80 mg. per liter) to 10 ml. portions of 0.05 m acetate or m/15 phos 
phate buffer solutions. The range covered by each dye is indicated by 
Table I. The buffer-dye solutions in test-tube cuvettes are warmed to 
38° and the optical densities read as described for preparation of the opti- 
cal density curves for plasma determinations (1). 

The stabilities of the indicator solutions are checked once a month 
oftener by repeating the density measurements with each indicator at on 
pH; e.g., pH 5.5 for brom cresol green, pH 6.2 for brom cresol purple, pi 
7.2 for phenol red. If the optical density shows a significant change, the 
entire curve for the indicator is redetermined. 


PROCEDURE FOR DETERMINATION OF URINE PH 


The urine is drawn and kept with precautions to prevent loss of 00: 
and the pH is determined as soon as possible, preferably within 2 hour 
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Into uniform cuvettes, of the type described for macrodeterminations 
of plasma pH (1), are measured 8 ml. portions of distilled water, 2 ml. por- 
tions of urine, and | ml. of dye. The fluids are mixed with a footed rod, 
covered with neutral oil, and warmed to 38°, as described for plasma de- 
terminations (1). For each urine a blank is prepared by diluting 2 ml. 


Tasie Il 
u/15 Phosphate Buffers* 
Volumes to make 10 ml. buffer solution Volumes when larger fraction is 25 ml. 
pH at 38° 

NasHPO« KHoPO« NasHPOs. 
wal. ml. al. 
5.8 9.16 25.0 2.29 
6.0 8.70 1.29 25.0 3.71 
6.3 7.65 2.35 25.0 7.68 
6.6 6.13 3.87 25.0 15.80 
6.9 4.34 5.66 19.17 25.0 
7.2 2.71 7.29 9.20 25.0 
7.5 1.53 8.47 4.52 25.0 
7.8 0.80 9.20 2.18 25.0 
8.1 0 41 9.59 1.07 25.0 


° Stock 0.5 m NasHPO, and KH,PO, are diluted 7.5-fold to bring the concentra- 
tion to M/15. The m/15 solutions are then at once mixed in the indicated propor- 
tions. 


Taste 
0.05 mu Acetate Buffer Solutions* 
| | Volumes to make 10 ml. buffer Volumes to mix when larger 
pH at pK’ solution fraction is 25 ml. 

| Na acetate | Acetic acid | Naacetate | Acetic acid 

| | 3.69 25.0 14.62 

5.8 4.645 9.35 0.65 25.0 1.75 


* Stock 0.5 um solutions of acetate and acetic acid are diluted 10-fold and mined 
in the indicated proportions. 


of urine with 9 ml. of water. ‘The optical densities are read as described 
for plasma pH (1). 

Since the pH of most urines will fall within the range of brom-cresol 
purple, a preliminary test with this dye is made. If the pH is above or 
below the range of brom cresol purple, the fact can usually be observed 
by the eye as soon as the solutions are mixed, and a fresh cuvette is pre- 
pared with phenol red or brom cresol green. 
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Calculation 

Optical density, D, is estimated as described for plasma pH (1). 

The pH of the urine diluted 5.5-fold is estimated by interpolation of 
D on one of the standard curves. From this pH 0.09 is subtracted as 
correction for the effect of the dilution in increasing the apparent pH of 
the urine. 

This dilution effect was noted by Hastings, Sendroy, and Robson (2) 
in determinations by visual comparison, and has been confirmed for photo- 
metric measurements by data in the present paper, in which the photo- 


TaBLe IV 


Comparison of pH Measured in Undiluted Urine by Glass Electrode with pH of 5.5-Fold 
Diluted Urine Measured by Photometer 


pH of undiluted urine pH of $.5-fold diluted 
by electrode 


Urine No. urine by photometer Difference 
(a) (d) (6 — 
l 6.20 6.27 0.07 
2 | 5.53 | 5.64 0.11 
3 6.32 | 6.39 0.07 
4 5.28 | 5.36 0.08 
5 | 5.08 5.12 0.04 
6 | 5.18 5.25 | 0.07 
7 | 7.04 7.14 0.10 
5.12 5.24 0.12 
9 | 5.32 5.42 0.10 
10 | 5.23 5.32 | 0.09 
11 6.86 6.93 | 0.07 
12 6.52 6.64 0.12 
13 5.27 5.38 0.11 
Standard deviation of difference from mean difference..... +0.024 


metrically measured pH of dilute urine is compared with the pH of un- 
diluted urine measured by the glass electrode. 


EXPERIMENTAL 


Handling Urine—Consistent results for successive determinations were 
obtained only when the urine was kept completely protected from air. It 
was kept in closed vessels over mercury (tube H of Fig. 6, p. 54 of Peters 
and Van Slyke (6)). 

Photometric Measurements—Portions of 2 ml. of urine were forced by 
mercury pressure from the containing vessels up into 2 ml. pipettes, from 
which the urine was at once delivered into the 8 ml. portions of water plus 
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| ml. of dye previously measured into the cuvettes. The urine in each 
cuvette was at once mixed with a footed rod with the water and dye, and 
was covered with oil and warmed to 38° for photometric measurement, as 
described for plasma pH determinations (1). 

Determinations by Glass Electrode—The pH of the undiluted urines was 


measured in Michaelis’ (7) modification of the glass electrode of MacInnes _ 


and Belcher (8). ‘The electrode was standardized with m/15 phosphate 
buffer solution of pH 5.80, the standardization being checked immediately 
before and after each urine determination. From the vessel in which the 
urine was kept over mercury the urine was delivered directly into the cup 
of the electrode, and enough was drawn down into the capillary to estab- 
lish liquid junction. ‘The unused portion of urine remaining in the cup 
served to protect the urine below from loss of CO, during the measurement. 
No drift in potential was apparent during the time required to make the 
measurements. 


Results 


The results of simultaneous photometric and electrometric determina- 
tions on a series of human urines are given in Table IV. They indicate 
that, if the correction of 0.09 given under “Calculation” is applied, the 
photometric values thus corrected will usually be within +0.05 pH unit 
of the electrometric values. 


SUMMARY 


A procedure is described for photometric measurement of the pH of 
urine. The standard deviation from pH values determined with the glass 
electrode was +0.024 pH unit. 
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PREPARATION OF RIBONUCLEOSIDES FROM SMALL 
AMOUNTS OF RIBONUCLEIC ACID 


By PETER REICHARD 
(From the Biochemical Department, Karolinska Institutet, Stockholm, Sweden) 


(Received for publication, November 20, 1948) 


The preparation of the various nitrogen-containing substances from ri- 
bonucleic acid (PNA) by the usual chemical methods is feasible only if con- 
siderable amounts of the nucleic acid are available. This is especially true 
for the pyrimidine nitrogen from cytosine and uracil. During tracer work 
with N“ on the nucleic acid turnover of liver nuclei and bacteria in this 
laboratory, it became desirable to isolate the different bases free from each 
other and from foreign nitrogen in amounts of a few mg. Partition chro- 
matography on starch, as introduced by Elsden and Synge (1), was thought 
to give a convenient solution to our problem, especially since Vischer and 
Chargaff (2) had shown that the purine bases adenine and guanine can be 
separated on a paper chromatogram. In a recent publication (3) Hotch- 
kiss has applied partition chromatography on paper to several nitrogen- 
containing compounds derived from nucleic acid. A method for the 
preparation and separation of the purine bases from PNA and desoxyribo- 
nucleic acid (DNA), which involves chromatography on a starch column, 
has been described by Edman, Hammarsten, Léw, and Reichard (4). 
The separation of the nucleosides from PNA on a starch column has been 
described in a preliminary report by the author (5). 

The separation of the ribonucleosides was carried out because it was 
thought that their preparation in reasonable yield without conversion of 
cytosine to uracil would be easier than the preparation of the free pyrimi- 
dine bases. For the preparation of the ribonucleosides several different 
methods are available. The oldest one of Levene and Jacobs (6), which 
employs hydrolysis of the nucleic acid with dilute ammonia at high temper- 
ature, was not considered suitable because of the possible exchange of amino 
groups with ammonia. Levene (7) has also employed acid hydrolysis with 
10 per cent sulfuric acid at 125° for the preparation of cytidine from cyti- 
dylic acid. He states that no conversion to uridine takes place. In ex- 
periments with small amounts of cytidylic acid it was found, however, that 
with different acid concentration and temperature a considerable amount 
of uridine was always formed. More recently Bredereck (8) has described 
amethod for preparing the nucleosides by refluxing PNA for 4 days with 
4 mixture of equal amounts of pyridine and water. By modifying his 
method so as to involve a 12 hour hydrolysis in a sealed tube at 115°, it 
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was possible to avoid the formation of uridine from pure cytidylic acid 
On the other hand the yield of the pyrimidine nucleosides, especially uri. 
dine, waslow. By using higher temperature and a longer time for hydroly- 
sis, practically all the cytidylic acid was converted to uridine. This 
method has been used in tracer experiments on normal and regenerating rat 
liver (9). 

The best results were obtained by enzymatic hydrolysis of the ribony. 
cleotides. Phosphatases which split off the phosphoric acid from nucleo. 
tides have been reported from different sources. Bredereck (10) uses an 
extract from emulsin for preparing the four ribonucleosides on a large scale. 
Hartmann and Bosshard (11) employ an enzyme preparation from pota- 


toes for the preparation of adenosine. Both these crude enzymes and — 


also alkaline phosphatase from calf intestine, prepared according to Schmidt 
and Thannhauser (12), have been tried and found to contain considerable 
desaminase activity. The acid prostate phosphatase of Schmidt, Cubiles, 


and Thannhauser (13), however, turned out to be satisfactory forthe hydrol- 


ysis of ribomononucleotides to nucleosides. It could be shown (a) that the 


enzyme from prostate dephosphorylates mononucleotides at a very low | 


concentration of nitrogen in the extract so that the addition of foreign ni- 
trogen to the mononucleotides was negligible, (b) that the extract did not 
contain any desaminase activity, and (c) that the nucleoside-splitting ac- 
tivity of the extract wasvery low. Furthermore a method has been worked 
out for preparing a mixture of the four ribomononucleotides free from salts 
and foreign nitrogen after the separation of PNA and DNA according to 
Hammarsten (14). 


EXPERIMENTAL 


Enzyme Extract—An extract from enucleated hypertrophic human pros- 
tate was prepared according to Schmidt, Cubiles, and Thannhauser (13) by 
mixing the freshly enucleated prostate with 5 parts of a mixture of water 
and crushed ice in the Waring blendor. The mixture was allowed to stand 
in the ice box for about half an hour and then filtered by suction with the 
aid of Hyflo Super-Cel. The slightly turbid filtrate was used immediately, 
as the enzyme activity decreased rather rapidly, even when the extract 
was kept at —15°. The activity of various extracts was satisfactory. No 
attempt was made to purify the enzyme. 

pH Optimum—To different samples of 38 mg. of pure adenylic acid » 
10 ml. of water were added different amounts of 0.2 N sodium hydroxide, 
so that the pH ranged from 3.5 to 6.0. 1 ml. of the enzyme extract, di: 
luted 1:500, was added to each sample and the amount of free phot 
phate determined after 12 hours digestion at 37° (Fig. 1). The value 43 
found as pH optimum differs from that of 5.3 found by Schmidt, Cubiles, 
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and Thannhauser. The discrepancy might be explained by the fact that 
the solutions were not buffered in the present experiments, as salts would 
interfere later on with the chromatography. 

Enzyme Concentration—The extract from the gland had a nitrogen con- 
tent of less than 1 mg. perml. It was generally used ina dilution of 1: 100. 
In this case less than 0.01 mg. of foreign nitrogen was added to a solution 
containing from 10 to 50 mg. of nucleotides. The amount of enzyme re- 

ired for satisfactory hydrolysis was higher for the pyrimidine nucleo- 
tides than for the purine nucleotides (Fig. 2). 

Digestion of Single Ribomononucleotide and Chromatography of Product— 
The following experiments were carried out in order to investigate the possi- 


% digestion 

40 

20 20 

0 

35 40 45 50 55 60 pH 4 8 12 16 20hours 
Fic. 1 Fie. 2 


Fic. 1. pH optimum for prostate phosphatase. 38 mg. of adenylic acid per 10 
ml. of water titrated to a different pH with 0.2 N NaOH. 1 ml. of prostate extract, 
diluted 1:500, is added. 

Fic. 2. Curve I, digestion of adenylic acid (10 mg. per 10 ml., pH 4.1) with 1 ml. 
of prostate extract, diluted 1:500; Curve II, digestion of cytidylic acid (10 mg. per 10 
ml., pH 4.2) with a ml. of prostate extract, diluted 1:500; Curve III, same as Curve 
II, enzyme dilution 1:100. 


ble desaminating and nucleoside-splitting activity of the enzyme extract. 
About 10 mg. of the four pure ribomononucleotides were separately dissolved 
in 10 ml. of water. The solutions were neutralized with sodium hydroxide 
toa pH between 4 and 4.5. To each of the four solutions was added 1 
ml. of the freshly prepared enzyme solution in a dilution of 1:100. The 
tests were incubated for 24 hours at 37°. The solutions were then evap- 
rated to dryness on a steam bath. The residues were extracted suc- 
cessively with 2 ml. and 2 < 1 ml. of hot water-saturated butanol. The 
combined extracts from each residue were added to the top of four starch 
columns with a length of 220 mm. and an inner diameter of 23 mm. The 
chromatogram was developed and the effluents analyzed as described in a 
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previous paper (5). The results of the four different digestions and chro. 


matograms are seen in Figs. 3 to 6. The light absorption at 2620 A in the 
effluent was measured in the Beckman photometer on 1 hour fractions and 


— 


0 100 200 300 400 ml effluent 
Fic, 3. Chromatography after digestion of 7.6 mg. of adenylic acid with prostate 
enzyme dilution 1:100. Yield of adenosine, 4.5 mg. (78 per cent). 


E2620 


0 100 200 300 400 mi effluent 
Fic. 4. Chromatography after digestion of 6.5 mg. of cytidylic acid with prostate 
enzyme diluted 1:100. Yield of cytidine, 3.5 mg. (yield 74 per cent). 


plotted against the volume of the effluent. It can be seen that, with the 
exception of adenylic acid, only one light-absorbing compound was obtained 
from each mononucleotide. The R values (15) for the different compounds, 
including the main compound in the case of adenylic acid, agree wel, 
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within satisfactory limits, with those obtained from the pure corresponding 


nucleosides. Their identity was established in the following way. The 
light-absorbing fractions in each run (this means for adenylic acid only 


£2620 


20. 


0 100 200 300 400 mi effluent 
Fig. 5. Chromatography after digestion of 9.0 mg. of guanylic acid with prostate 
enzyme, diluted 1:100. Yield of guanosine, 4.9 mg. (yield 70 per cent). 
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0 100 200 300 400 mi effluent 


Fic. 6. Chromatography after digestion of 6.5 mg. of uridylic acid with prostate 
enzyme, diluted 1:100. Yield of uridine, 4.4 mg. (yield 89 per cent). 


the light absorption corresponding to the second peak) were combined and 
the butanol evaporated in vacuo. The residues were dissolved in 10 ml. 
of 0.1 » HCl, and after proper dilution the light absorption measured be- 
tween 2400 and 3100 A. The ratio E,,,/ y N per ml. was determined 
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for each compound by analyzing an aliquot of the HCl solution for nitro. 
gen. In this way it could be established that the corresponding nucleo. 
sides were formed from the four different mononucleotides (Table I) and 
that no desamination takes place. 

In the case of adenylic acid one small extra peak appeared which mi. 
grated before the adenosine. In order to obtain larger amounts of this com. 
pound 10 mg. of adenylic acid were digested in the same way as above with 
the lower enzyme dilution of 1:25. The chromatogram showed the same 
principal features as in Fig. 3, but the first peak had now the same alti- 
tude as that of adenosine. The light absorption curve in 0.1 N HCl and 


the value E,,,.x./y N per ml. for the first peak showed good agreement with — 
corresponding values for adenine (Table I). The definite proof that this — 


Taste 
Characteristic Values for Compounds Obtained after Digestion of Pure 
Mononucleotides, and Chromatography of Digestion Mixture As 
Compared with Standard Substances 


Emax. Eve 
lst compound from adenylic acid ..... | 1.19 1.39 | 3.90 0.184 
Standard adenine. | 0.180 
2nd compound from adenylic acid. 0.75 | 1.23 0.66 0.205 
Standard adenosine . ....| 0.80 | 1.25 0.69 0.196 
Compound from eytidylic acid. «3.72 1.58 | 0.290 
Standard cytidine . 7 O20 | 3.88 1.51 0.205 
Compound from guanylic acid. 0.29 1.09 | 0.71 | 0.170 
Standard guanosine | 0.28 1.07 0.73 0.164 
Compound from Se lic acid. 0.48 1.58 0.34 (0.345 
Standard uridine. . 0.52 1.50 | 0.36 0.332 


compound really was adenine was established by running a mixture of | 


adenine and adenosine on an identical starch column (Fig. 7). 


It may be that guanine too is formed during the digestion of guanylic — 


acid, though because of its low solubility in butanol it would not interfere 
with the chromatogram. This might explain the relatively low yield d 
guanosine. 

Preparation of Mized Ribomononucleotides—The starting material wass 
PNA hydrolysate containing the different ribomononucleotides which was 
obtained by the preparation and separation of polynucleotides according 
to Hammarsten (14). The separation of the mixed polynucleotides with 
this method is carried out by hydrolysis of PNA with 0.1 N sodium hydror- 
ide and precipitation of DNA with lanthanum nitrate and malonic acid. 
When the mixed ribonucleotides are to be isolated, hydrochloric acid 
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substituted for malonic acid in order to reach the pH range 2 to 2.5. In 
this case caution must be exercised to add enough HCl, because at a pH 
above 3 the ribomononucleotides start precipitating together with the 
DNA. | 
After the precipitation of DNA, the solution contains the ribomononucleo- 
tides and rather large amounts of salts and varying small amounts of de- 
natured proteins and hydrolysis products from proteins. The purpose of 
the following procedure is to remove these contaminants as completely as 
possible before the digestion with the phosphatase and chromatography. 
The mononucleotides were precipitated by adding to the hydrolysate 
0.2 volume of a saturated solution of mercuric nitrate in water. The mo- 
nonucleotides were allowed to precipitate for 24 hours at +2°. The pre- 


3} 2620 


100 200 mi effluent 
Fic. 7. Chromatography of 2.4 mg. of pure adenine and 3.6 mg. of pure adenosine 


_ Gipitate was centrifuged and washed three times with 10 ml. of water. 


_ After the last washing, the precipitate was suspended in 20 to 30 ml. of 


water and decomposed with hydrogen sulfide. The excess hydrogen sul- 
fide was boiled out over a free flame and the hot solution centrifuged. The 
mercuric sulfide was washed twice with 10 ml. of boiling water and the 
washings added to the main solution. The combined solutions were evapo- 
rated on a steam bath to about 15 ml. There is now usually a more or less 
notable opalescence, owing to the presence of traces of lanthanum com- 
pounds. 

The solution of the mononucleotides was electrodialyzed according to 
Theorell and Akesson (16). In this way the last traces of lanthanum, 
which interfere with the digestion, were removed. If any amino acids 
were left, only the acid ones would move to the anode compartment to- 


4 
4 
4 
bil 
20 
| 
10 
| 
as 
\ 
id is | 


4 
2 
3 


ri 


we 


? 


770 RIBONUCLEOSIDE PREPARATION 


gether with the mononucleotides. The acid amino acids have very loy 
R values in butanol-water and because of this would be removed during the 
chromatography. The mononucleotides moved quantitatively into the 
anode compartment, as indicated by model experiments with pure gub. 
stances. If the mononucleotides are obtained from a hydrolysate of PNA 
as outlined above, however, then at the end of the dialysis some light-ab. 
sorbing material also appears in the cathode compartment, though it 


sl €2620 
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0 100 200 300 400 mi effivent 
Fic. 8. Chromatography in model experiment with all four ribomononucleotides. 


The effluent corresponding to the peak before the adenine was slightly yellowish: 
its light absorption was not of the pyrimidine type. 


Taste IT 
Model Erperiment on Mixture of Four Ribomononucleotides 


Nucleotide 
Acid instarting | pucieoside | Yield 
| mg. | me. per cent 
| 10.1 5.2 66 0.205 
Ee | 6.9 2.9 | 56 0.308 
47 0.174 


scarcely exceeds 5 to 10 per cent of the total light absorption. The cathode 
solution could be precipitated by silver nitrate at pH 2 (17), indicating 
that the light absorption is caused by the presence of free purine base 
which have been split off during the preparation. 

After the end of the electrodialysis, the solution from the anode com 
partment containing the ribomononucleotides was neutralized with 0.45 
sodium hydroxide to pH 4 to 4.5 and subjected to digestion. 
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Model Experiment on Mixture of Four Ribomononucleotides—In order to 

determine the over-all yield of the whole procedure, about 10 mg. each of 

mononucleotides were dissolved in 10 ml. of NaOH, lanthanum and 

HCl were added after 2 hours on a steam bath, and the whole method of 

tion as described above was carried out. The result of the chro- 
matography after digestion can be seen in Fig. 8 and Table II. 


SUMMARY 


A phosphatase-containing extract from prostate was investigated with 
respect to the splitting of ribomononucleotides to the corresponding nucleo- 
sides. Good yield of nucleosides was obtained and little or no deamina- 
tion took place. 

The extract was used for obtaining nucleosides from PNA, separation 
being achieved chromatographically. 
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ON THE NITROGEN TURNOVER IN PURINES 
FROM POLYNUCLEOTIDES DETERMINED 
WITH GLYCINE N* 


By PETER REICHARD 
(From the Biochemical Department, Karolinska Institutet, Stockholm, Sweden) 


(Received for publication, January 8, 1949) 


The work of Brown ef al. (1) with N"™-containing purines has shown 
that, of the naturally occurring purines, only adenine can be utilized di- 
rectly for the synthesis of polynucleotides. When isotopic adenine was fed 
to the rat, part of it was recovered in rather low dilution in the adenine 
and in a somewhat higher dilution in the guanine of the polynucleotides 
from the mixed internal organs. By separating ribonucleic acid (PNA) 
fom desoxyribonucleic acid (DNA), Brown, Petermann, and Furst (2) 
showed that the adenine had almost entirely entered the PNA fraction. 
Though these experiments prove that adenine administered in the food 
can act as a precursor not only of PNA adenine but also of PNA guanine, 
it does not follow that PNA guanine is formed ordinarily from adenine. 
Barnes and Schoenheimer (3), in their experiments with N-containing am- 
monium citrate, found in the pigeon a higher content of isotope in guanine 
than in adenine. They were, however, able to show that this was due to 
a higher N* content in the amino group of guanine than in that of adenine. 
In experiments carried out in this laboratory (4) with N™-glycine as a pre- 
cursor for nucleic acid purines and pyrimidines in the hepatectomized and 
normal rat, it was found that the guanine in both the PNA and DNA frac- 
tions had about twice the isotope content of adenine. This finding makes 


_ itsomewhat improbable that guanine could have been synthesized by way 


of adenine. The present investigation was carried out in order to settle 
this question. The experiments were performed with cytoplasm from re- 
generating liver and intestine from normal rat which had been left over 
irom @ previous experiment (4). The aminopurines were isolated from the 
PNA of cytoplasm and the PNA and DNA from intestine. Part of them 
was analyzed for N' and the rest subjected to degradation to the corre- 
sponding hydroxypurines and these, too, were analyzed for their isotope 
content. A new method for the preparation of xanthine and hypoxan- 
thine from the aminopurines with chromatography on a starch column was 
developed for that purpose. With this method as little as 2 mg. of amino- 
purine can be degraded to the corresponding hydroxypurine. The results 
of the isotope analyses for the different purines are summarized in Tables I 
and IT. 


773 


4] 
#4 


5 
+ 
3 


774 NITROGEN TURNOVER IN PURINES 


The figures demonstrate that the isotope content is always higher jp 
guanine than in adenine. The amino group of adenine always has a low 
isotope content, as indicated by the higher value of hypoxanthine compared 
with the corresponding adenine. The amino group of guanine in the PNA 
fractions has a relatively high isotope content, while in the DNA from jp. 
testine this is low. It can be seen that a reversal takes place for the two 


TaBie I 
Aminopurines and Corresponding Hydrorypurines from Intestine of Rat 


The ratio Ewaz./y N per ml., which is a measure of purity with respect to foreign 
nitrogen, is for the pure compounds, adenine 0.180, hypoxanthine 0.197, guanine 
0.161, and xanthine 0.170. 


| PNA DNA 
N per ml 
atom per cent atom 
wie 054 0.191 0.33 0.192 
group (calculated). .............. 0.12 0.06 
0.51 0.165 | 0.48 0.161 
NH; group (calculated)............... 0.83 (0.04 
II 
Aminopurines and Corresponding Hydrorypurines from Regenerating Liver 
Cytoplasm of Rat 

| Excess Emax./7 N per al. 

| atom per cent 
NHgz group (calculated).............. 0.11 
0.97 | 0. 167 
group (calculated). ....... ......... 0.97 | 


- 


purines from the PNA of intestine after deamination; though guanine bas 


a higher isotope content than adenine, the guanine nucleus, as indicated by 
the results for xanthine, has a lower isotope content than the adenine n- 
cleus, as indicated by the data for hypoxanthine. This is, however, nd 
the case for PNA purines from regenerating liver cytoplasm or for DNA 
purines from intestine. 
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EXPERIMENTAL 

Administration of N-Glycine—-Organs from a previous experiment (4) 
wereused. The rats had been given two subcutaneous injections of 50 mg. 
of glycine per 100 gm. of body weight with an interval of 6 hours between 
doses. The glycine contained 32 atom per cent excess of N“. 6 hours 
after the last injection the rats were killed and the various organs were im- 
mediately put into a large excess of absolute alcohol. They were homo- 
genized with alcohol in the Waring blendor, filtered, and dried with alcohol 
andether. The hepatectomized rats received the same treatment starting 
16 hours after the operation. In this case the livers were put into cold 
citric acid, and cell nuclei and cytoplasm were separated immediately after 
death 28 hours from the time of operation. The details are described in a 
previous publication (4). 

Isolation of Adenine and Guanine—The procedure was mainly that of Ed- 
man, Hammarsten, Léw, and Reichard (5), though with some modifica- 
tion. The purines were obtained, after separation by the method of Ham- 
marsten (6) of the PNA and DNA, by hydrolysis with n sulfuric acid for 1 
hour at 100°. ‘The excess sulfate was precipitated by adding freshly pre- 
pared hot solution of barium hydroxide, saturated at boiling temperature 
topH 2. The precipitate of barium sulfate was centrifuged immediately 
and extracted twice with 5 ml. of hot water. The combined supernatants 
were precipitated with 0.2 volume of a 1 M solution of silver nitrate, as 
described by Kerr and Seraidarian (7). The precipitate of the silver pu- 
rines was centrifuged, washed twice with 10 ml. of 0.05 silver nitrate, 
twice with alcohol, and once with ether. The dry silver purines were de- 
composed with 5 ml. + 3 ml. + 3 ml. of 0.5 n HCl, according to the 
method of Kerr and Seraidarian (7). The HCl solution was evaporated 
to dryness in vacuo and the rest of the HCl carefully removed by re- 
peated evaporation. 

The residue was dissolved by warming in 1.0 ml. of water containing 0.1 
m.eq. of sodium hydroxide. To the hot water solution, 10 ml. of dry bu- 
tanol were added and the aqueous solution of the purines dissolved in the 
butanol by warming and gentle shaking. The butanol-water solution was 
added to the top of a starch column and the chromatogram was run and 
analyzed as previously described (5), the only difference being that the sol- 
vent used for developing the chromatogram was butanol-water (135 ml. 
of water + 865 ml. of butanol) and did not contain any glycol methyl 
ether. 

Deamination of Adenine or Guanine to Corresponding Hydrorypurines— 
The method is a modification of the first steps of those of Strecker (8) and 
Kossel (9) to suit the degradation of small amounts of aminopurines. The 
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aminopurine (2 to 8 mg.) was obtained in dry form after chromatography 
by evaporating in vacuo the butanol of the combined fractions containing 
the same purine base. It was transferred to a 40 ml. centrifuge tube with 
about 2.5 ml. of N H,SO,. About 0.5 ml. of this solution was set aside for 
establishing the presence or absence of foreign nitrogen by the ratio 
Emax./y N per ml. (5) after proper dilution with N HCl and for isotope 
analysis. The volume of the rest of the solution was reduced to one-fourth, 
so that the sulfuric acid became 4 x. To this solution the necessary 
amount of sodium nitrite (8 mg. of nitrite per 1 mg. of aminopurine) was 
added, dissolved in 0.2 ml. of water. This was carried out slowly over g 
period of 10 minutes with continuous stirring. During this time the cep. 
trifuge tube containing the solution was placed in a boiling water bath and 
allowed to stand there for another 5 minutes after the last addition of the 
nitrite. Since the solution becomes more concentrated by evaporation 
during the whole procedure, 1 drop of water should be added now and then 
in order to keep the volume constant. The solution was then diluted with 
15 to 20 ml. of water and precipitated hot with barium hydroxide to pH 
2. The further procedure was the same as that described for the prepa- 
ration of adenine and guanine; 7.c., precipitation of the supernatant with 
silver, washing of the precipitate, decomposition with HCl, and evapora- 
tion of the acid. It was found adequate to reprecipitate the hydroxypu- 
rine once with silver nitrate. This was done in the usual way after dissolv- 
ing the residue after the careful removal of the HCI in about 10 mi. of 
0.01 N sulfuric acid. The free hydroxypurines were prepared from the 
silver purines as described above. 

The hydroxypurines prepared in this way usually contain very little, if 
any, aminopurines. The highest contamination found was about 10 per 
cent. In order to remove the aminopurines, and as a further step of pu- 
rification, the hydroxypurines were subjected to chromatography on 4 
starch column. 

Chromatographic Model Experiment with Adenine and Hypoxanthine— 
About 2 mg. of each of the purines were dissolved in butanol-water with 
the aid of NaOH in the same way as described for the adenine-guanine 
chromatography. They were put onto a starch column (length 100 mm. 
diameter 36 mm.), the chromatogram was run, and the purines localised 2 
the effluent by measuring their light absorption in the ultraviolet (Fig. 1). 
Fractions containing the same purine were combined, the butanol evapor- 
ated in vacuo, and the residue dissolved in 10 ml. of s HCl. By taking a2 
aliquot of the solution for nitrogen determination and determining the light 
absorption after proper dilution with x HCl, the ratio Enasx./ y N perml 
was determined for each purine and compared with the same ratio for the 
pure purine. This ratio was, for pure hypoxanthine, 0.197 (Eas. # 
2480 A) and for adenine, 0.180 (EZ... at 2620 A). 
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Chromatographic Model Experiment with Guanine and Xanthine—Fig. 2 
shows a chromatogram for these two bases run under about the same con- 
ditions as described above for adenine and hypoxanthine. The length of 
column in this experiment was 122 mm., however. Another difference 
is that in chromatographing solutions containing xanthine, as little alkali 
as possible should be used to dissolve the purines in butanol-water. If ex- 
cess alkali is used, the resolving power of the column declines and, further- 
more, the yield of xanthine drops. In the experiment of Fig. 2, 0.03 m.eq. 
of NaOH was used for a total of 4 mg. of the bases. 


E5620 
30. 
20. 
10. 
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Fig. 1. Separation of 1.8 mg. of pure adenine and 2.4 mg. of pure hypoxanthine 
on a Starch column. Length of the column, 97 mm., inner diameter 36 mm. 
Fractions (about 15 ml.) were collected for each 4 hour. The R values, according to 
Martin and Synge (10), were adenine 0.94 and hypoxanthine 0.49. Yield of adenine 
% per cent, of hypoxanthine 87 per cent. 


As can be seen from Fig. 2, a complete separation of xanthine from gua- 
nine has not been achieved in this experiment. The separation would, 
however, have been practically complete if the amount of guanine had been 
small as compared with that of xanthine, as is the case of a degradation 
experiment. Complete separation can also be achieved with larger amounts 
of guanine if a longer column is used for the chromatogram. However, 
this does not usually improve the total yield of pure xanthine. The rea- 
son is that part of the xanthine is lost during the chromatography by stick- 
ing in the column. ‘These losses, which for a column of 120 mm. are not 
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more than at the most 20 per cent, increase rather rapidly with the length 
of the column. 

If part of the guanine appears in the same fractions as part of the xap. 
thine, these mixed fractions can easily be distinguished by determining the 


ratio of the light absorption at 2620 and 2480 A for every fraction. This | 
is indicated by the dash line in Fig. 2. At first, when only xanthine is emerg. — 


ing from the column, the ratio is constant and lies at about 2.20. In the 
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Fic. 2. Separation of 2.3 mg. of pure xanthine and 1.7 mg. of pure guanine ons 
starch column. Length of the column, 122 mm., inner diameter 36 mm. The half 
hourly fractions were collected. R values (10), xanthine 0.58, guanine 0.43. The 
dash line gives the ratio Exe0/E2s0 and indicates where the xanthine starts to 
become contaminated with guanine. Yield of pure xanthine 78 per cent, pure gus- 
nine 73 per cent. 


mixed fractions the ratio rapidly declines, the more the xanthine is contam- | 


inated with guanine, and finally reaches a constant value of about 0.75 when 
the fractions consist of pure guanine. A good yield of the bases is still ob- 
tained even when the mixed fractions are discarded. Their purity with 


respect to foreign nitrogen is established in the usual way. The ratio — 


Ensx./y N per ml. is, for guanine, 0.161 (Emsx. at 2480 A), and for xan- 
thine 0.170 (Emax. at 2600 A). 
The over-all yield for the deamination of the aminopurines and chroms- 
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tography of the hydroxypurines was established with pure adenine and gua- 
nine. For both cases it was found to be 60 to 70 per cent when starting 
with 2 to 8 mg. of aminopurine. 


DISCUSSION 

Glycine has been shown by Abrams, Hammarsten, and Shemin (11) to 
yet as @ precursor for the nitrogen in the 7 position of nucleic acid pu- 
rines. According to the views expressed by Brown ef al. (1) adenine would 
be synthesized before guanine, which would subsequently be synthesized 
from the adenine nucleus. That this can be the case has been shown by 
Brown’s feeding experiments with isotopic adenine. If this theory cor- 
responds to a general pathway for the synthesis of nucleic acid purines, 
one would expect it to hold true irrespective of the nature of the isotopic 
precursor for the purines. One would expect furthermore that the isotope 
content of adenine would not be lower than that of guanine. This was 
also the case in Brown’s experiments. The experiments of Hammarsten 
and coworkers (4) on normal and regenerating liver show, however, that 
in both PNA and DNA the isotope content of guanine is much higher than 
that of adenine. These findings could be brought into line with Brown's 
theory if it is assumed that the amino group in guanine has a much higher 
XN“ content than the rest of the molecule. At this stage no definite answer 
could be given to that question as no method for degradation of small 
amounts of aminopurines was available to us. 


The present experiments show that in regenerating liver cytoplasm the 


| main pathway for the synthesis of PNA guanine, with glycine as a pre- 
cursor, does not proceed via adenine. In accordance with the finding of 


Barnes and Schoenheimer (3), who used ammonia as a precursor, it was 
found that the amino group of guanine has a higher turnover rate than that 
of adenine. Its isotope content, however, is not high enough to suggest 
that the remaining guanine residue could have been formed from adenine. 

The findings with respect to the PNA from intestine would agree rather 
well with Brown’s theory. There, the difference between the isotope con- 


tent of guanine and adenine is much smaller and after deamination the 


_ telations are inversed, so that the isotope content in hypoxanthine is higher 
than that of xanthine. 


The DNA purines from normal intestine differ from the PNA purines 
from the same organ in that the amino groups of both adenine and gua- 


‘tine have a relatively low isotope content. As the guanine has a much 
higher isotope content than the adenine, this proves that in this case the 
synthesis of guanine has not proceeded via adenine. A difference between 


PNA purines and DNA purines has been noted earlier by Brown et al. (2). 
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In feeding experiments on rats with N"*-adenine, the adenine from the PNA 
of the mixed internal organs contained about 30 times as much isotope as 
the adenine from the corresponding DNA. The authors thought the reg. 
son for this to be a much lower turnover of the purines in DNA as compared 
with the purines from PNA. Furthermore, it was assumed that the dif- 
ference in the turnover ratio DNA to PNA between adenine and phosphors 
(12) might indicate that ‘some portion of the phosphate moieties of a nv. 
cleic acid may be exchanged without the purines of the C—N skeleton be. 
ing affected.”” In the present investigation the values for the turnover 
rates of the purines match fairly well with those obtained by Hammarsten 
and Hevesy (12) for phosphorus. In their experiment on intestine of the 
rat the turnover ratio DNA to PNA for phosphorus was 1.7 as compared 
with the value 1.7 for adenine and 1.1 for guanine in the present investi- 
gation. Because of this, the finding of Brown ef al. is explained better per- 
haps on the hypothesis that adenine cannot be utilized for the synthesis 
of purines in DNA. 


The results obtained in the present investigation clearly indicate the — 
necessity for separating the polynucleotides into DNA and PNA in isotope _ 
experiments. Furthermore, they show that there might be a difference — 


in the purine turnover in different organs. 
SUMMARY 


A method for obtaining the corresponding hydroxypurines from small 
amounts (2 to 8 mg.) of adenine and guanine has been developed. 

Intestine and regenerating liver cytoplasm from a previous experiment 
(4) in which N“-glycine had been injected into rats has been worked up for 


aminopurines of PNA and DNA. These were degraded to the correspond- 


ing hydroxypurines. 


Evidence has been obtained that the main part of guanine in PNA from 


regenerating liver cytoplasm and from DNA in intestine is not synthesized 


via adenine. In the case of PNA from intestine this possibility could not 


be excluded. 
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THE USE OF ISOTOPIC CARBON IN A STUDY OF THE 
METABOLSIM OF ANTHRANILIC ACID IN NEUROSPORA* 


By JOSEPH F. NYC ann HERSCHEL K. MITCHELL 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


and EDGAR LEIFER ann WRIGHT H. LANGHAM 


(From the Los Alamos Scientific Laboratory of the University of California, Los Alamos, 
New Mezico) 


(Received for publication, January 31, 1949) 


The finding by Tatum, Bonner, and Beadle (1), that the tryptophanless 
_ Neurospora mutant strain 10575 accumulates anthranilic acid, which in 
turn can be utilized for growth of strain 40008, has provided evidence 
| that anthranilic acid is a biochemical precursor of tryptophan in this 
organism. It has been further established that indole is an intermediate 
in this conversion (2-5). 

More recent work with a number of mutants of Neurospora (6-8) has 
established that tryptophan is a biochemical precursor to niacin with 
_ kynurenine and hydroxyanthranilic acid as intermediates. The accumu- 
— lated evidence has indicated the existence in the mold of the following 
series of reactions: 

~ Anthranilic acid —> indole — tryptophan — kynurenine — 3-hydroxy- 

, anthranilic acid — nicotinic acid 
In the light of this evidence the present work was undertaken to trace the 
carbon in the carboxyl group of anthranilic acid in order to estimate its 
contribution as a structural unit in the formation of niacin and tryptophan. 
The organism chosen for this investigation was a biochemical mutant 
strain of Neurospora designated as strain 40008. This mutant utilizes 
anthranilic acid, indole, or tryptophan for growth. 

The mutant was grown in the presence of anthranilic acid containing 
Cin the carboxyl group. Niacin and tryptophan were isolated from the 
mold mycelium and tested for radioactivity. 


EXPERIMENTAL 


Growth of Mold—Neurospora mutant 40008 was grown under forced 
aeration for 6 days at room temperature in 10 liters of minimal medium 


* These investigations were supported in part by the Williams-Waterman Fund 
for the Combat of Dietary Diseases and the Rockefeller Foundation. They were 
also carried out as a part of the work done under contract No. N-6-onr-244, Task 
Order 5, United States Navy Department, and contract No. W-7405-eng-36 for the 
Atomic Energy Commission. 
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(9) to which a supplement of 16.7 mg. of active anthranilic acid was added 
A trap containing 40 per cent NaOH was connected to the system to ab. 
sorb any carbon dioxide evolved during growth of the mold. At the end 
of the growth period the mold was filtered off, and the moist myceliyp 
was continuously extracted with 300 ml. of acetone for 20 hours. The 
dried residual mycelium weighed 3.7 gm. 

Isolation of Niacin  Vhe acetone extract of the mycelium was taken to 


dryness, redissolved in 50 ml. of water, and filtered. It contained 700 y of. 
nicotinic acid or its amide.' After removing a 4 per cent aliquot for fur. - 
ther study, 4 gm. of anhydrous barium hydroxide were added to the main _ 
portion of the extract, and it was heated at 90° for 40 minutes, titrated to 


pH 6.5 with 2 n HSO,, and filtered. The filtrate was taken to pH 42 
with concentrated HCl and shaken with | gm. of norit A. This was 
filtered off and washed well with water. 


The charcoal was eluted with two 50 ml. portions of hot 4 per cent | 
aniline in water. The combined eluates were extracted with ether to _ 


remove the aniline and taken to dryness. The residue was taken up in 
13.5 ml. of hot absolute alcohol and filtered. After readjusting the volume 
of the filtrate to 13.5 ml., a 1.5 ml. portion was taken for bioassay and 
investigation with paper chromatography. The total filtrate contained, 
according to bioassay, 300 y of nicotinic acid. This material was estab- 


lished as nicotinic acid by comparing its movement on an ascending | 


paper chromatogram with that of an authentic sample of nicotinic acid. — 
Butanol saturated with water was the solvent used for developing the | 


chromatograms. 
40 mg. of nicotinic acid were added to 12 ml. of the original 13.5 ml. 
of filtrate containing the isolated nicotinic acid. The nicotinic acid whieh 


precipitated from a concentrated aqueous solution was recrystallized from | 
a 1:4 mixture of acetic acid and benzene. The isolated nicotinic acid — 


melted at 229-232° and gave the same ultraviolet absorption spectrum 
as an authentic sample of the same acid. 

Isolation of Tryptophan—10 mg. of pepsin (1:10,000 potency) were 
added to the 3.7 gm. of ground dry mycelium suspended in 50 ml. of 0.1 
x H.SO,y. The mixture was covered with toluene and incubated 21 hours 
at 37°. At the end of the first digestion 3 gm. of K,HPO,-12H,0 wer 
added and the pH was adjusted to 8.4. The mixture was incubated 4! 
40° for 72 hours in the presence of 50 mg. of trypsin (1:300 potency). 


The undigested suspended material was filtered off and washed with wate. — 


The combined filtrate and washings, diluted to 100 ml. with water, cob — 


tained 13.2 mg. of tryptophan. The identity of this tryptophan was 


1 Lactobacillus arabinosus strain 17-5 was used to determine nicotinic acid sné 
tryptophan. 
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confirmed by comparing its position on an ascending paper chromatogram 
with that of an authentic tryptophan sample. Water-saturated butanol 
was used as the solvent for the chromatogram. 

To 20 ml. of the original 100 ml. of enzyme digest were added 20 mg. of 


stock L-tryptophan and 3 ml. of 50 per cent sulfurie acid. The mercury 


alt of tryptophan was precipitated by the addition of 2 gm. of HgSQ, in 
10 ml. of 6 per cent sulfuric acid. The mixture was allowed to stand 48 
hours, at the end of which time the yellow precipitate was filtered off, 
washed with 5 per cent sulfuric acid, and finally with water. The moist 
mercury precipitate was suspended in 8 ml. of water and made alkaline to 


TABLE I 
Distribution of Radioactivity in Mold Culture Components 


Activity® Activity*® 
pe : component | for 


Culture fluid after removal of mycelium 57,500 : 7.2 fe 


2 | Carbon dioxide trapped ee of 739,652 92.3 92.3 
mold 

3 | Acetone-extracted material from mycelium 6,500 0.8 0.8 

4 | Isolated nicotinic acid | 0.0 0.0 

5 | Mycelium after acetone extraction ——-:19, 686 2.4 

6 | Water-insoluble material after enzymatic 2,689 0.3 0.3 

digestion of mycelium | 

7 Water-soluble material after conymatty 11,860 1.5 1.5 
digestion of mycelium 

8 Isolated tryptophan | 4.0 0.0 


* Based on assay of original anthranilic acid, 48,000 counts per second per mg. 
Total activity used = 16.7 X 48,000 = 801,600 counts per second. 


| phenolphthalein with a concentrated barium hydroxide solution. A rapid 
stream of hydrogen sulfide was passed into this alkaline solution to precipi- 


late the mercury «as its sulfide. This was filtered off and washed with 
water. Traces of barium ion were removed by the addition of a drop of 


_ tlute sulfuric acid followed by filtration. The filtrate was taken to a pH 


5.9 with sodium carbonate, concentrated to about 5 ml. under a vacuum, 


and continuously extracted for 12 hours with 75 ml. of butanol. After 
| adjusting the butanol extract back to 75 ml., a 5 ml. aliquot was taken 
- forbioassay. The total butanol solution contained 9.4 mtg. of tryptophan. 


The bulk of the extracted tryptophan contained in 70 ml. of butanol was 
taken to dryness. 40 mg. of stock tryptophan were added to the residue 
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and the whole was taken up in 4 ml. of water. The volume was reduced to 
1.5 ml., from which the tryptophan did not precipitate, even though the 
solubility of the solute in that volume of water at room temperature 
had been greatly exceeded. Small amounts of discolored material whieh 
precipitated were filtered off. The filtrate was taken to dryness and the | 
residue crystallized twice from 60 per cent ethanol, m.p. 273-276°. The | 
melting point of an authentic sample of tryptophan taken simultaneously 
was 275-278°. ‘The ultraviolet absorption spectrum of the isolated material — 
was identical with that of the authentic tryptophan used for isotopic — 
dilution. 

Distribution of Radioactivity— A general summary of the distribution of 
radioactivity in the various components of the mold culture is given in — 
Table I. 


DISCUSSION 


The absence of radioactivity in the isolated niacin and tryptophan — 
shows that, if the carbon in the side chain of anthranilic acid was incor- 
porated as a structural unit in the formation of these two substances in | 
Neurospora, it was lost during further metabolism involving these sub- 
stances. The organism used for determining the tryptophan content oi 
the mold digest does not differentiate between anthranilic acid, indole, — 
tryptophan, and possibly peptides of tryptophan. This ambiguity was — 
overcome by the use of paper chromatography. Not only was the iso | 
lated tryptophan identified by its position on a chromatogram, but 4 — 
separation of biological activity and radioactivity was also effected by the 
same technique. The problem of differentiating nicotinic acid from its 
amide prior to dilution was also resolved by paper chromatography. 
Here again, a complete separation of radioactivity from biological activity 
was possible. | 

The presence of large quantities of isotopic carbon in the carbon dioxide 
evolved during the growth of the mold indicates that a major portion @ | 
the carboxyl group in anthranilic acid finds its way into this substance 
during growth of the mold. | 


SUMMARY 


1. Anthranilic acid containing C in the side chain was given to4 | 
Neurospora mutant form which required either anthranilic acid, indole, 
or tryptophan as a supplement for growth. Nicotinic acid and tryptophan 
isolated from the mold tissue were found to contain no detectable quantity 
of the isotopic carbon. 

2. A large part of the isotopic carbon was accounted for in the carbon 
dioxide evolved during the growth of the mold. 


: 

4 
4 
4 
a 
a 
i 


l. 
. Tatum, E. L., and Bonner, D. M., J. Biol. Chem., 161, 349 (1943). 

. Tatum, E. L., and Bonner, D. M., Proc. Nat. Acad. Sc., 30, 30 (1944). 

. Umbreit, W. W., Wood, W. A., and Gunsalus, I. C., J. Biol. Chem. , 165, 731 (1946). 
_ Mitchell, H. K., and Lein, J., J. Biol. Chem., 176, 481 (1948). 


2 
3 
4 
5 
6. 
7 
8 
9 


NYC, MITCHELL, LEIFER, AND LANGHAM 787 


BIBLIOGRAPHY 
Tatum, E. L., Bonner, D. M., and Beadle, G. W., Arch. Biochem., 3, 477 (1944). 


Bead le, G. W., Mitchell, H. K., and Nye, J. F., Proc. Nat. Acad. Sc., 33, 155 (1947). 


. Mitchell, H. K., and Nye, J. F., Proc. Nat. Acad. Se., 34, 1 (1948). 
_ Bonner, D. M., Proc. Nat. Acad. Sc., 34, 5 (1948). 
_ Beadle, G. W., and Tatum, E. L., Am. J. Bot., 32, 678 (1945). 


| 
| 
ole, 
had 
‘ity 
bon 


CARNOSINASE: AN ENZYME OF SWINE KIDNEY* 
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(Received for publication, January 10, 1949) 


Since it was shown in a previous report (1) that certain peptidases were 
capable of hydrolyzing peptides containing 8-alanine, the present investiga- 
tion was undertaken to determine the possible metabolic fate of the natu- 

| rally occurring peptide, carnosine. Although this substance, 8-alanyl-1- 
histidine, has long been known and is one of the most abundant of the 
non-protein nitrogenous constituents of muscle, little is known regarding 
its metabolism or function (2). However, in the past few years it has been 
observed (3) that crude preparations of certain tissues, particularly kidney, 
spleen, and liver, can hydrolyze carnosine, but this peptide is not split by 
muscle tissue; nor is the autolysis of muscle affected by the addition of 
earnosine (4). This work suggests that the first step in the metabolism of 
earnosine is its hydrolysis into the constituent amino acids. This is also 
indicated by the work of du Vigneaud, Sifferd, and Irving (5), who found 
that the histidine of carnosine is available for the growth of animals on a 
histidine-deficient diet. 

We have utilized the excellent procedure of Sifferd and du Vigneaud (6) 
for the synthesis of carnosine. It has been found that certain tissues can 
hydrolyze this peptide, and we have named the responsible enzyme carno- 
sinase, since its properties are distinct from those of any previously de- 
scribed protease. The carnosinase of hog kidney has been partially purified 
and has been shown by inhibition and activation studies to be a metal- 
enzyme like other exopeptidases. The specificity of this enzyme has also 
___ been studied by its action on synthetic substrates. 


Distribution and Preparation of Enzyme 


Carnosine is hydrolyzed by certain tissues of the rat. Since the hydroly- 

sis follows zero order kinetics, the rates have been calculated as K°, per 

' cent hydrolysis per minute. The relative activities, calculated per gm. of 
fresh rat tissue, were for kidney K® = 1.2, liver 1.5, spleen 0.7, and skeletal 
and heart muscle 0.0. A desiccated preparation of hog kidney (Viobin 


* This investigation was aided by a grant from the United States Public Health 


t Postdoctorate Fellow of the United States Public Health Service. 
789 


| 
‘ 
Service. 


we 


790 CARNOSINASE 


Corporation) was quite active. However, fresh frozen hog kidney gave 
superior activity and yields. This tissue was used in making two prepara. 
tions of carnosinase: Preparation A, which contained no added metal ions and 
was useful for activation studies with metals and for testing the effect of 
inhibiting agents, and Preparation B, which was derived from Preparation 
A by treatment with Mn** and was the most active preparation obtained, 

Preparation A—Fresh frozen hog kidney (400 gm.) was ground in a me- 
chanical meat grinder before the tissue had completely thawed. The 
grinder was rinsed with 1600 cc. of water which were used to extract the 
enzyme. Larger volumes of water or saline solutions gave less satisfactory 
extractions. After standing for 10 to 15 minutes, the mixture was centri- 
fuged for 45 minutes at 2500 r.p.m. in the cold room. The upper fatty 
layer was then aspirated and the turbid enzyme solution was decanted from 
the insoluble residue, which was discarded. This enzyme solution (1300 
ec.) had a protein N content of 1.3 mg. per cc., and a proteolytic coefficient, 
C® of 0.38. (The zero order proteolytic coefficient, C°, is equal to K® per 
mg. of protein N per cc. of the reaction mixture.) The yield of this extrae- 
tion was K® = 0.5 per gm. of moist tissue. 

One-tenth volume (130 cc.) of toluene was added to the enzyme solution 
and the mixture was heated in a water bath at 55° for 15 minutes. The 
mixture was quickly cooled to 0°, and 179 gm. of ammonium sulfate (144 
gm. per liter) were added to achieve 25 per cent saturation. The resulting 
precipitate was collected on fluted filter paper and discarded. (This and 
the succeeding steps in the procedure were performed at 2°.) The clear 
red filtrate (1100 cc.) was brought to 55 per cent saturation with 211 gm. 
of ammonium sulfate (192 gm. per liter) and was again filtered through 
fluted paper. The red filtrate was discarded. After thorough dialysis of 
the precipitate, the fine suspension containing the enzyme was centrifuged. 
About one-third of the activity remained in the clear, brownish superna- 
tant; the remainder was present in the residue. The residue was extracted 
with 20 ec. of 0.15 m sodium chloride and centrifuged; the insoluble, inactive 
material was discarded. The slightly opalescent saline extract (20 cc.) is 
Preparation A. It contained 3.9 mg. of protein N per cc., and C°® = 0.86. 
This represents a purification of 2.3 times and a yield of 13 per cent based 
on the crude water extract. The soluble fraction obtained after dialysis 
was less pure (C° = 0.35) and represented 7 per cent of the original activity. 

The very limited solubility of the enzyme in water suggests that it has 
the properties of a globulin. About 20 per cent of the carnosinase activity 
is lost after standing for 8 days at 2°. 

Preparation B—Further purification of the enzyme was achieved by the 
addition to 7.5 ce. of Preparation A of sufficient manganous chloride to 
make the solution 0.01 m, of enough veronal (diethyl barbiturate) buffer 
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to make the solution 0.01 M, and of 0.1 m sodium hydroxide to bring the pH 
107.9 to 8.1. This mixture was then heated at 40° for 1 hour, whereupon 
a precipitate formed. The removal of this precipitate by centrifugation 
left a clear and almost colorless solution (14 ce.) which contained all of the 
tivity. This is Preparation B; it contained 1.9 mg. of protein N per ec., 
and C° = 5.6. The true yield in this purification cannot be ascertained 
because Of the activation produced by manganese (see below). However, 
the apparent purification was 14.7 times compared with the proteolytic 
coefficient of the crude water extract. 


TaBLe 
Relation of Hydrolysis Rate to Carnosinase Concentration 


Appropriate dilutions of Preparation B were made just before use with 0.01 m 
MoCl, in 0.01 Mm veronal, pH 8.0. Hydrolysis was measured at 40° in 0.04 m veronal 


Time | Hydrolysis Ke | Average, 
“protein N per ce. hes | per cent 
14.5 | 0.072 4.9 
29 | 10 0.16 
2 | 26 0.15 
4 37 0.15 
5 42 0.14 
7 56 0.13 
9.5 | 71 0.13 5.0 
54 | 0.26 5.1 
109 | 0.61 5.5 
181 0.98 5.3 
181 0.75 44 0.98 
l 55 | 0.92 
1.25 | 75 | 1.00 | 5.3 
Properties of Carnosinase 


Kinetics-The hydrolysis of carnosine by swine kidney preparations 
has been found in all cases to follow the kinetics of a zero order reaction. 
The data in Table I show that the proteolytic coefficient is nearly constant 
for a range of enzyme concentration of at least 1 to 12. Since all of our 
assays were conducted within these limits, a true measure of the enzyme 
activity was obtained. The slightly decreased values of C° at the lowest 
enzyme concentrations indicate that some inactivation occurs during the 
long period necessary for conducting these assays. This is also indicated 
by the falling constants found in the experiment which contained 29 y of 
protein N per cc. 
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Effect of Inhiintors and Metals—Table II shows that carnosinase jg 


strongly inhibited by such typical metal poisons as sulfide, cyanide, and 
cysteine, and slightly inhibited by azide and fluoride. This suggests that 
the enzyme contains a metal which is essential for the activity. 


TaBLe II 


Effect of Enzyme Inhibitors on Carnosinase 


The enzyme, Preparation A, was incubated 1 hour at 40° with the inhibitor and 
0.01 mu veronal buffer at pH 7.7 to 8.1 before addition of the substrate. No metal 


ions were added. 


0.001 “cysteine... 
0.001 azide... 

0.001 fluoride 


Taste III 


It also 


Relative activity 


per 
100 
22 


76 


16 


Effect of Various Metals on Activity of Carnosinase 


The enzyme, Preparation A, was present at a concentration of 0.82 mg. of protein 
N per cc. in 0.01  veronal buffer at pH 7.3 with the metal ions at 0.001 m. 


Metal | Average, C* | 
Mn** | 0.92 : 
Zn** | 0.73 
None 0.56 
Mg** 0.49 
Cd** 0.44 | 
Fe** 0.42 | 
Co**+ 0.40 | 
Ca** 0.31 | 


shows that most of the metal is retained by the protein during the purif- 


cation procedure. 


The metal-protein character of this enzyme is also indicated by the find- 


ing that Mn** and Zn** increase the activity (Table III). 


Other metals 


tested in this and additional experiments at other pH values produced 
either no effect or slight inhibition. The enhancement of activity pro 


| 


—<_ | 


| 
| 
Inhibitor | 
| 48 
| 78 
| 90 
95 
92 
$ Relative activity | 
> per ceni 
172 
136 
100 
87 
79 
75 
70 
55 | 
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duced by Mn** in the experiment shown in Table III is actually minimal, 
snce incubation of Mn** and Preparation A for 3 hours at a somewhat 
higher pH value produced a greater effect. The data in Table 1V demon- 
strate this time reaction between the protein and Mn**. As with other 
peptidases (7), the time reaction indicates complex formation between the 
metal and the protein. 

It is of considerable interest that the reaction kinetics are regular, even 
when insufficient incubation time is allowed for the maximal combination 
of the metal and protein in the absence of substrate. With other pepti- 
dases, increasing values of the velocity constants are obtained. With car- 
nosinase we must assume that the substrate binds the metal with great 


TaBLe IV 
Time Relations of Activation of Carnosinase by Manganous lon 


Preparation A (1.38 mg. of protein N per cc.) was incubated at 40° and at pH 
7.75 with 0.01 m MnCl, in 0.03 M veronal buffer before addition to the flask containing 
the substrate. In the test solution, the Mn** concentration was 0.001 m, the pro- 
tein N, 0.55 mg. per ec., and the pH was 7.6. 


Prelacubation with Hydrolysis Ke Average, Ratntive ¢ activa- 
hrs. hrs. per cent | | per cent 
0 2 19 | Cw | 

4 41 | 
4.5 43 0.16 | | 
6 50 4 | 
6.75 62 0.15 | 
8.25 74 0.15 | 0.27 
3 1 29 | 0.49 | 
1.5 44 | 0.40 | 
| 2 59 0.50 | | 
3 86 0.48 233 
5 1.5 43 | 233 


0.48 | 0.90 


avidity and prevents the development of the activity which would have 
been achieved in the absence of carnosine. Since the Mn++ concentration 
(0.001 m) is much lower than that of the substrate (0.05 m), there is ample 
substrate for binding most of the metal, and the actual concentration of 
free substrate is diminished to only a slight extent. 

Although Zn*+ activates carnosinase when present during the enzymatic 
assay, the data presented below indicate that the activation is extremely 
rapid under our experimental conditions. 

Effect of pH and Buffer lons--The data presented in Fig. | indicate that 
the optimal activity of the manganese-activated protein is in the region of 
pH 8.0 to 8.4, of the zinc-activated enzyme, at pH 7.8 to 7.9, and, without 
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added metal, still lower at pH 7.4 to 7.5. It should be noted that the Cc 
values plotted for the Mn*++-enzyme have been reduced to one-fourth of 
their true magnitude. Nevertheless, the significant shift in the PH opti- 
mum strongly suggests that the metal-enzyme in the tissues is not a map. 
ganese-protein. The optimum and the shape of the curve for the zine. 
enzyme are closer to that of the unactivated preparation, and the smooth 
contours of both curves with the five different buffers indicate the absence 
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Fic. 1. Carnosinase activity as a function of pH in the presence of zinc, of man- 
gunese, and without added metal. Preparation A was exposed to Zn** only during 


the course of the assays, but was preincubated with Mn** for 3 hours. TheC°val- | 


ues plotted for the Mn** enzyme have been reduced to one-fourth of their actual 
magnitude. The enzyme concentration was 0.19 mg. of protein N per cc. The pil 
values were measured before 65 per cent of the substrate had been hydrolyzed. 


of inhibition by these ions. ‘The similarity of the unactivated enzyme and 
the zinc-enzyme suggests that natural carnosinase contains zinc. 

The striking shifts in the pH activity curves indicate the necessity for 
careful evaluation of tests of metal activation. Had the effect of Mna* 
been tested only at levels more acid than pH 6.7, the activation by this 
metal would have been missed completely. It is obviously desirable to test 
metal activation at several pH values. 

The data of Table V demonstrate that the use of 0.08 m citrate in the 
reaction mixture reduces the activity of Preparation B to 18 per cent of its 
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value in 0.05 m veronal at the same pH. Under the same conditions, 
te ion reduces the rate to 10 per cent of that in veronal buffer. The 
data in Fig. 1 show that phosphate and citrate do not inhibit Preparation A 
(no added metal) or the zinc-enzyme preparation. Here again the differ- 
ence between the unactivated and the manganese-enzymes indicates that 
manganese is not the original metal which must have been displaced by the 
relatively high concentration of manganese. The fact that the zinc-enzyme 
behaves like the unactivated enzyme is consistent with the view that zinc 
is the natural activator. 
Phosphate or citrate buffers must be cautiously used in experiments with 
metal-enzymes, since these may have profound effects on these enzymes. 
With carnosinase, Zn*+*+ appears to give greater activation than Mn** in 


TABLE V 
Inhibition of Manganese-Activated Carnosinase by Phosphate and Citrate 
Preparation B was exposed to the buffers in the indicated concentrations only 
during the course of the hydrolysis. The final enzyme concentration was 0.18 mg. 
of protein N per cc. 


| 

Buffer pH | 

per cons 
80 | 5.7 | 10 
Phosphate (0.08 04 | 8 
| 8.0 05 | 
Citrate (0.08 | 8.0 1.0 18 


phosphate or citrate, whereas, with glycyl-t-leucine dipeptidase, these 
buffers produce an apparent activation because of their removal of Cat+ 
(8). Fortunately, the reaction rates of the Mn**-enzyme in veronal and 
borate buffers are almost equal in the region of maximal activity (Fig. 1). 

Stalnlity of Carnosinase—The enzyme is much more stable in the presence 
of Mn** than it is in that of Zn** or in the absence of added metal. The 
instability of the Zn**-enzyme was revealed by incubating the enzyme at 
40° in 0.01 M verona! buffer. After 4 hours at pH 7.0, only 3 per cent of the 
activity remained, while, at pH 7.7, 63 per cent of the activity remained. 
This is in marked contrast to the 30 to 60 per cent increase in activity ob- 
tained when 0.001 M zine acetate is present only during the hydrolysis of 
carmnosine, even at pH 7.3. It is probable that the substrate protects the 
enzyme at these pH values. This phenomenon has been observed with 
other enzymes such as hexokinase (9). 

It is notable that under the same conditions that obtain for the inactiva- 
tion by zinc, manganese produces a 2- to 3-fold activation. The similar 
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instability of the unactivated enzyme and of the Zn**-enzyme at neutral 
pH values provides further evidence which points towards Zn** ag the 
metal in carnosinase in the tissues. 

Differentiation of Carnosinase from Other Peptidases Considerable 
dence has been obtained which shows that the hydrolysis of carnosine by 
kidney extracts cannot be attributed to any known enzyme. For example. 
an aqueous extract of hog intestinal mucosa which contains all other known 
metal-activated peptidases has no hydrolytic action on carnosine; this has 
also been found to be true by Meshkova and Severin (10). A very active 


preparation of peptidases from human uterus (11) also was found to have — 
no carnosinase activity. Crystalline bovine pancreatic carboxypeptidase 


at 0.5 mg. of protein N per ec., a concentration 1000 times greater than tha: 
required to split carbobenzoxyglveviphenvlalanine, has no effeet on earno- 
sine or carbobenzoxycarnosine. 

The inhibition of carnosinase activity by cysteine demonstrates that this 
enzyme is distinct from kidney cathepsins II, III, and IV, which are acti- 
vated by cysteine (12). Moreover, kidney cathepsins I, U, ITI, and IV 
have optima in the range of pH 3.5 to 5.0, which is far more acid than the 
optimal pH for the hydrolysis of carnosine. The failure of iodoacetate to 
inhibit carnosinase also demonstrates that free sulfhydryl groups are un- 
necessary for the activity of the enzyme; this supplements the information 
gained with evsteine. Although the dehydropeptidase of kidney is aeti- 
vated by zine (13), it differs from carnosinase in not being activatable by 
manganese. The known endopeptidases of the gastrointestinal tract do 
not contain metals. The present evidence appears to be sufficient to indi- 
cate that carnosinase is different from any of the known proteases. 

Specificity of Carnosinase- In Table VI are presented the data for the 
action of Preparation B on a number of compounds containing histidine. 


It should be noted that the hydrolysis of certain of these compounds follows — 


the kinetics of a first order reaction (C') more closely than those of a zero 


1 It should be observed that no claim is made that Preparation B is enzymatically 
homogeneous. However, it is felt that the evidence is sufficient to indicate that 
the activity towards carnosine and the other histidine compounds represents a ne¥ 
type of peptidase activity. As already mentioned, crude extracts of hog intestinal 
mucosa and human uterus do not hydrolyze carnosine. This indicates that the 
carnosinase action cannot be attributed to such extremely active constituents od 
these and many other tissues as leucine aminopeptidase, glycylglycine dipeptidase, 
glycyl-.-leucine dipeptidase, prolidase, prolinase, aminotripeptidase, etc. Hov- 
ever, Preparation B has been tested for some of these activities under the conditions 
of theexperimentsin Table VI. It was found that there was only a negligible amount 
of leucine aminopeptidase (3 per cent hydrolysis of t-leucinamide in 3.5 hours). 
Considerable hydrolysis of glycylglycine (54 per cent in 3.5 hours), of glyeyl+ 
leucine (69 per cent in 3.5 hours), and of triglycine (44 per cent of one peptide bondis 
3 hours) was observed with this preparation. 
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order process. Both velocity constants have been given in order to faeth- 
tate comparison of the rates. 

It has tentatively been assumed that the action on all of the histidine- 
containing substrates is due to the same enzyme. While further study is 


Tarte VI 
Specificity of Carnosinase 


The enzyme was Preparation B (0.19 mg. of protein N per cc.) in 0.04  veronal 
buffer at pH 7.9 + 0.1. The substrates were used at 0.05 m. 


Substrate Time Hydrolysis c ci 
hrs. per cent 
s-Alanyl-L-histidine 0.5 61 
3-Alanyl-p-histidine* 24 20 | 0.074 | 
0.25 23 8.0 0.040 
0.50 45 7.9 «0.046 
0.75 61 7.2 0.048 
5 95 
p-Alanyl-L-histidine * 0.5 26 46 | 0.023 
0.75 41 4.8 0.027 
1.5 5Y 3.5 0.023 
24 O8 
Glyeyl-.-histidine* 0.5 35 6.1 0.033 
0.75 51 0.036 
64 5.6 | 0.039 
| 
L-a-Aminobutyry! 2 0.68 0.0032 
3 19 0.58 | 0.0026 
22 87 0.37 0.0035 
99 
Glyeyl-L-histidinamide 1] 0.95 
1.5 1.00 
2 24 1.05 
5 52 0.90 — 
24 99 | 
Varbobenzoxy-L-carnosine. ..... 48 0 
L- histidinamide. 48 0 


“Tt i is a pleasure to acknowledge the kindness of Dr. Vincent du Vigneaud in 


giving us these compounds and in providing us with seed erystals of carbobenzoxy- 
earnosine and carnosine. 


hecessury to prove this assumption, certain definite conclusions may already 
te drawn from the available data. It is clear that no carboxypeptidase 
action or endopeptidase action is involved, since carbobenzoxycarnosine 
and carbobenzoxyglycyl-L-histidinamide are resistant to hydrolysis. It is 
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also apparent that the free amino group is essential for the enzymatic 
action. 

If a single enzyme is involved, it would appear that the location and con. 
figuration of the amino group are not highly critical, since, in addition to 
the hydrolysis of carnosine, the preparation acts quite rapidly on glycyl-.. 
histidine, L-alanyl-i-histidine, and p-alanyl-t-histidine. The change jn 
the position of the amino group from a to 8 or, at the @ position, from the 
L to the p configuration affects the rate of hydrolysis only by a factor of 2 
This is in great contrast to most enzymes in which substrates containing 


p-amino acids are highly resistant to proteolytic action. Moreover, with — 


such enzymes as prolidase and glycyl-L-leucine dipeptidase, « shift in the — 


amino group from the a to the 8 position decreases the sensitivity of the 
substrate about 300 times (1). 

The lower rate of hydrolysis found with L-a-aminobutyryl-.-histidine 
indicates that the preparation acts most rapidly on compounds bearing 4 


2- or 3-carbon residue attached to the L-histidine moiety. The additional 


free carboxy! group of 8-L-aspartyl-L-histidine markedly decreases the rate _ 


of hydrolysis of this peptide. 

In contrast to the relative indifference of the preparation to the optical 
configuration of the alanine residue is the observation that p-carnosine 
(8-alanyl-p-histidine) is very resistant to hydrolysis. Obviously, the main 
specificity is directed towards the L-histidine portion of the substrate. 

Glycyl-t-histidinamide is hydrolyzed and the action stops after one bond 
is split. This indicates that the hydrolysis occurs between the glycine and 
histidine residues. If the terminal amide linkage were split first, the re 
sulting glycyl-L-histidine would be subject to the enzymatic action, and 
both bonds would be hydrolyzed. This interpretation of the locus of ae- 
tion on this substrate is supported by our failure to detect free ammonia 2 
the test solution by direct nesslerization. Moreover, these results demon- 
strate that L-histidinamide is not hydrolyzed by Preparation B, and that 
there is no action of a histidine exoaminopeptidase. It was likewise found 
that curnosinase is not a 8-alanine exoaminopeptidase, since no hydrolyss 
of 8-alaninamide or 8-alanylglycine could be observed. 

It is clear from the present information that carnosinase is an exopept 
dase like many other metal-peptidases. By the usual definitions the e 
zyme can be classified as a dipeptidase or an aminopeptidase. Although 


it is likely that the same enzyme acts on the various closely related hist: | 


dine-containing peptides, we have used the name carnosinase in order 
focus attention of the important naturally occurring substrate. 
DISCUSSION 


In an excellent summary of earlier work, du Vigneaud and Behrens () 
concluded in 1939 that “our knowledge concerning the origin, function, a 
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fate of carnosine is still regrettably deficient.”” The results of the present 
investigation indicate the possible fate of this substance. The existence 
of a distinct enzyme in kidney and other tissues suggests that the normal 
metabolism of carnosine involves the hydrolysis of the peptide to its con- 
stituent amino acids which are then metabolized individually. Previous 
work (2) has already shown that injected carnosine causes an increased 
output of urea. 

In a recent development of the polyaffinity theory, it was proposed (14) 
that the metal-peptidases combine with their substrates by the formation 
of a chelate complex in which the metal is the bridge between the protein 
and the substrate. It was also postulated that the bonds between the 
metal and the substrate are on opposite sides of the sensitive peptide link- 
age. With this notion applied to carnosinase, it would appear that one 
linkage of the metal is with the essential free amino group; the other would 
then have to be with the histidine-nitrogen of the peptide linkage. The 
striking shift in the pH activity curve of carnosinase with different metals 
provides additional evidence for this type of complex formation. A simi- 
lar phenomenon has already been described for arginase by Hellerman and 
Stock (15). 


EXPERIMENTAL 


The enzymatic experiments were performed at a substrate concentration 
of 0.05 m. Hydrolysis was estimated on 0.2 cc. samples by titration of 
liberated carboxyl groups with 0.01 m potassium hydroxide in alcohol with 
thymolphthalein as the indicator (16). The results are expressed as 100 
per cent for the complete hydrolysis of one peptide bond. 


Carnosine 


This was prepared essentially as described by Sifferd and du Vigneaud 
(6). However, several modifications were made which gave more con- 
venient procedures, or more consistent yields. Carbobenzoxy-§-alanine 
methyl ester was converted to the hydrazide by shaking for 1 minute with 
a 2-fold excess of 85 per cent hydrazine hydrate in an equal volume of abso- 
lute ethanol; the product began to crystallize almost immediately and, 
after 3 hours at room temperature, the solution was cooled to 0°. A yield 
of 85 per cent was obtained. 

Carbobenzorycarnosine—More consistent yields of carbobenzoxycarno- 
sine were obtained by allowing the reaction between carbobenzoxy-§-alanine 
azide with L-histidine methyl ester to proceed at 40° instead of at room 
temperature. After recrystallization from water, a preparation of carbo- 
benzoxycarnosine was obtained which melted at 171°. Sifferd and du 
Vigneaud (6) reported 161°. To substantiate the higher melting point, 
the other properties were determined. 
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CitHe9O.Ne. Calculated. C 56.66, H 5.59, N 15.55 
360 .36 Found. ** 56.65, ** 5.60, ** 15.53 (Dumas) 


lalp = +16.4° (1% in water) 


Du Vigneaud and Hunt (17) found fa]## = +10.5° (1 per cent ip 
water). However, du Vigneaud and Behrens (2) cited a value obtained 
by Sifferd as [a] = +14.5°. 

Carnosine Nitrate—Hydrogenation of the above carbobenzoxycarnosine 
in the presence of 1 equivalent of nitric acid and a palladium catalys, 


gave a 92 per cent yield of the expected product; m.p. 223° (decompogi- | 


tion). 
lalp = +22.9° (5.7% in water) 
Gulewitsch (18) reported [a] 2 = +23.3° (5.2 per cent in water): m.p. 


222° (decomposition). 
chloride (from 


5.6 gm. of carbobenzoxyglycine) was coupled with L-histidine methyl ester _ 
(from 31.5 gm. of the dihydrochloride), as described by Hunt and dy | 


Vigneaud (19). The oily ester was allowed to stand for 2 days at room 
temperature in 100 cc. of methanol which had been previously saturated 
with NH; gas at 0°. The solution was concentrated in vacuo, and the resi- 
due extracted with 250 cc. of hot ethanol. The residual carbobenzoxy 
dipeptide amide was recrystallized from hot water. Yield, 1.9 gm.; mp. 
212-213° (decomposition). The compound apparently contained half a 
molecule of water which could not be removed at 93° in vacuo. 


CisHsO.N3-4H2O. Calculated. C 54.23, H 5.69, N 19.77 
354 .36 Found. ** 54.36, “* 5.78, ** 19.87 (Dumas) 


Glycyl-L-histidinamide Dihydrochloride—|.1 gm. of the above compound 
were hydrogenated in ethanol and water in the presence of 2 equivalents 
of HCl. The palladium catalyst was filtered, and the solution concen- 
trated in vacuo. The product was recrystallized from ethanol ether; 
yield, 0.29 gm. The compound is exceedingly hygroscopic. For analysis, 
it was dried at 65° for 3 hours; it appears to be the monohydrate. 


CsHO2N,-2HCI-H:O. Calculated. C 31.8, H 5.7, N 23.2 
302.16 Found. “31.8 6.0, 22.8 


SUMMARY 


1. Liver, spleen, and kidney of the rat and swine kidney were found to | 


be excellent sources of an enzyme, carnosinase, which hydrolyzes carnosine, — 


8-alanyl-.-histidine. 
2. The carnosinase of swine kidney has been partially purified. The 
enzyme is a metal-protein, as indicated by the inhibition produced by 
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metal-poisons such as cyanide and sulfide. Although both Mn++ and 
Zn** activate the enzyme, it is likely that Zn** is the metal which occurs 
in the enzyme in the tissue. This is indicated by the similarity of the 
Zn*++-enzyme and the unactivated preparation with respect to (a) pH of 
optimal activity, () the poor stability at 40° in the absence of substrate, 
and (c) insensitivity to phosphate and citrate. 

3. Under the conditions of the experiments, the hydrolysis of carnosine 
follows the kinetics of a zero order reaction, and the rate is proportional 
to the enzyme concentration over a range of at least 1 to 12. The optimal 
action of the Mn**-enzyme is at pH 8.0 to 8.4, of the Zn**-enzyme at pH 
78 to 7.9, and without added metal at pH 7.4 to 7.5. 

4. Evidence has been given that the hydrolysis of carnosine cannot be 
attributed to any known protease. In addition to L-carnosine, the prepara- 
tion hydrolyzes both L- and p-alanyl-1-histidine, glycyl-1-histidine, and 
glycyl-L-histidinamide. p-Carnosine, 8-L-aspartyl-L-histidine, carboben- 
wxy-L-carnosine, and carbobenzoxyglycyl-L-histidinamide are relatively 
resistant to hydrolysis. Carnosinase is an exopeptidase, and can be tenta- 
tively classified as 2 dipeptidase or an aminopeptidase. 
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It has been shown that many of the exopeptidases are metal-protein 
compounds, and that the metal is essential for the hydrolytic action of 
these enzymes (1, 2). Although it is now some years since Anson (3) suc- 
ceeded in obtaining the carboxypeptidase of bovine pancreas as a crystalline 
protein, no studies appear to have been made of the chemical character- 
istics of this enzyme, although some of the physical properties have been 
investigated by Putnam and Neurath (4). In the meantime, a wealth of 
data has accumulated on its specificity and kinetics (5-11). 

Our first results (12) indicated that carboxypeptidase is a metallo-pro- 
tein, since the enzymatic action is strongly inhibited by such typical metal 
poisons as cyanide and sulfide. In this investigation, a further study has 
been made of the action of various enzyme inhibitors which demonstrate 
more conclusively the essentiality and nature of the metal. In several 
instances, quantitative data have been obtained which indicate the number 
of moles of inhibitor which combine with each active group of the enzyme. 
This and other information has led to a picture of the enzyme-substrate 
complex and the method of action of the enzyme. 

Unlike most of the other exopeptidases, the metal is firmly bound in 
carboxypeptidase. Ordinary precipitation procedures or dialysis do not 
remove the metal. Moreover, the inhibition which is produced by com- 
bination with metal-poisons is reversible by removal of the inhibiting agent. 
Magnesium has been tentatively identified as the metal in carboxypep- 
tidase, since it was found by spectrographic analysis in the ash of the en- 
tyme preparation (12). Quantitative analyses of digests of the crystalline 
enzyme are now in progress. 


* This investigation was aided by a grant from the United States Public Health 


t Postdoctorate Fellow of the United States Public Health Service. Present 

address, Medical School, University of Wisconsin, Madison. 
‘In view of our somewhat unexpected finding that carboxypeptidase is a metal- 
protein, we have studied the action of trypsin in the presence of various inhibitors. 
ine trypsin (the Armour Laboratories) was dialyzed until it was salt-free 
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EXPERIMENTAL 


Crystalline carboxypeptidase was prepared from frozen bovine pancreas 
by the method of Anson (3) and recrystallized five times by the procedure 
of Neurath, Elkins, and Kaufman (8). The enzymatic experiments were 
performed in 2.5 cc. volumetric flasks at 25°. The extent of hydrolysis ) 
was measured on 0.2 ce. samples by the titration of liberated carboxy! 
groups (13). 

We have used as the substrate in all of the experiments reported here 
carbobenzoxyglycyl-t-leucine (7) at a concentration of 0.05 M, although 
many preliminary experiments were also performed with carbobenzoxy. 
glycyl-L-phenylalanine (12). Similar results were obtained with both sub. 
strates. It has already been shown that these substrates are hydrolyzed _ 
by the same enzyme (7). 

The experiments were performed within the limits of pH 7.4 to 78; 
there seems to be little variation of the enzymatic activity within this pH 
region. Solutions of the inhibitors were adjusted within these pH limits | 
by the addition of HCl or NaOH before adding them to the enzyme. 
Evaluation of the enzyme activity was made by calculation of the first order 
velocity constant K, where Kt = log (a/a—zx) expressed in decimal loga- 
rithms, and of the proteolytic coefficient, C, which is K per mg. of protein 
N per ce. In many cases it was observed that falling velocity constants 
were obtained when enzyme, inhibitor, and substrate were added simul- 
taneously. ‘This could be avoided by allowing the enzyme and inhibitor 
to stand fora few hours at 25° or overnight at 2° before addition of the solu- 
tion of the substrate. By this procedure we obtained reproducible first 
order velocity constants. Additional exposure of the enzyme to the in 
hibitor produced no further effect. Little or no inactivation of the enzyme 
could be detected in the control experiments, which were run parallel 
with the studies of inhibitor action. 

In this study, several different preparations of carboxypeptidase were 
employed. These varied somewhat in their proteolytic coefficients and | 
were of lower activity than some of the best preparations studied earlier 
(7, 8, 10). However, the extent of inhibition obtained with the different 
preparations was similar, and a few observations made with a carboxypep 
tidase of high specific activity (C = 13 for carbobenzoxyglycy]-t-phenyl- 
lanine) gave identical results. Presumably, our less active preparations , 
contained some inert protein. 

Kinetics in Presence of Inhilitor—Table I shows that | in the presence ¢ 


9 
od 


and then tested at pH 7.4 (phosphate buffer) for its action at 25° on oteaale 
argininamide. No inhibition could be detected in the presence of 0.01 w oxalate, 
0.01 u citrate, 0.01 u fluoride, 0.001 m sulfide, or 0.001 m cyanide. 
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te or of cyanide marked inhibition is obtained, as compared to the 
results with the control in verona! buffer. In each instance, the kinetics 
follow those of a first order reaction. No indication was obtained in these 
studies of the variation in first order constants recently described (11). 


TABLE I 


Hydrolysis of Carbobenzoryglycyl-L-leucine by Carboxrypeplidase in Presence of 
Inhibitors 


The enzyme concentration was 0.004 mg. of protein N perce. The cyanide solu- 


tions contained 0.04 m veronal buffer at pH 7.6. The phosphate experiments were 
performed with the sodium salts at pH 7.5 to 7.6. 


Time | Hydrolysis K X 10¢ 


0.04 uw veronal 0.5 22 | 36 

| 1.5 51 34 

62 35 

2.5 71 36 

36 

0.004 phosphate 35 
1.0 | 36 32 

| 33 

32 

2.5 68 33 

0.10 “ is 1.0 15 15 
26 12 

36 13 

14 

0.0015 w sodium cyanide | 0.5 ll 16 
a 18 14 

| 1.8 26 14 

Be 43 16 

i 59 14 

0.005“ “ 0.5 15 24 
1.0 27 23 

1.5 38 23 

2.0 48 24 

2.5 54 22 

4.5 75 22 


That inhibition is produced by high concentrations of phosphate must be 
emphasized in view of the many investigations on this enzyme in which 
this substance has been employed as a buffer (e.g. (11)). 

The regularity of the kinetics indicates that a stable equilibrium has 
been reached between the enzyme-inhibitor complex and the free enzyme 
and inhibitor, as shown in equation (1). 
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Enzyme + inhibitor = enzyme — inhibitor (1) 


Reversibility of Inhibition—That the reaction is indeed a reversible equi- 
librium has been shown by experiments in which removal of the inhibito 
resulted in a restoration of the activity. The inhibition produced by phog. 
phate appears to be instantaneously reversible on dilution. In the pres 
ence of 0.2 Mm phosphate C was 0.31, and after dilution to 0.002 m phosphate 
C was 1.27, whereas the original proteolytic coefficient of the preparation jp 
veronal buffer was 1.38. 


II 
Reversibility of Carborypeptidase Inhibition 
The enzymatic tests were performed at 25° with 0.05 m carbobenzoxyglyecyl- 


L-leucine as substrate at pH 7.5 + 0.1 in the presence of a final concentration of 
veronal buffer at 0.04 m. 


Prep- 
Treatment Qa 
No. 
1 Control 1.30 
2 With 0.003 m sodium cyanide 0.45 
3 Preparation 2 after dialysis for 24 hrs. at 2° against 0.1 m veronal 0.4 
buffer 
4 Preparation 3 after standing for 24 hrs. with 10 mg. horse methemo- | 1.17 
globin at 25° 
5 With 0.004 m sodium sulfide 0.60 
6 Preparation 5 after dialysis for 24 hrs. at 2° against 0.1 m veronal, 0.82 
buffer 
7 Preparation 6 after standing for 24 hrs. with 10 mg. horse methemo-| 1.0 
globin at 25° 


Dialysis causes only a partial reversal of the sulfide inhibition (Table Il), 
and no reversal of the cyanide inhibition. However, after dialysis, the 
activity is restored by the addition of small amounts of horse metheme 
globin which has a high affinity for these inhibitors. Methemogloba 
has no effect on control solutions of the enzyme. This technique of & 
versal of metal-enzyme inhibition has previously been used by Keilin and 
Hartree (14) to demonstrate the reversibility of the cyanide inhibition d 
uricase. 

Other Inhibitors—The effect of various substances on carboxypeptidase 
is shown in Table III. The strong inhibition produced by citrate, oxalate, 
pyrophosphate, and cysteine all point to the presence of an essential mets 
in the enzyme. Moreover, the action of the first three inhibitors me 
tioned strongly suggests that magnesium is the responsible metal. 
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The negligible inhibition produced by fluoride, or by fluoride plus phos- 
phate, is somewhat surprising, since fluoride has been regarded as a strong 
inhibitor of magnesium-enzymes. With enolase, Warburg and Christian 
(15) have shown that magnesium forms a reversible complex with fluoride 
and phosphate. Apparently with those enzymes with which the metal- 
protein combination is labile, a magnesium fluorophosphate is formed. 
In contrast to this, it appears that the magnesium is so tightly bound in 
carboxypeptidase that no fluoride or fluorophosphate compound can be 


TaB_e III 
Action of Inhibitors on Carborypeptidase 
The substrate was carbobenzoxyglycyl-.i-leucine (0.05 m). The solutions con- 
tained 0.04 m veronal buffer. The enzyme and inhibitor were incubated at 25° for 


12 to 15 hours before the addition of the substrate. The inhibitor concentrations 
are for the final test solutions. 


Inhibitor pH K X 10 Inhibition 
per cent 

. “ (0.1 “) + phosphate (0.01 m)....... 7.5 39 0 
7.7 40 0 
Cuprous chloride (0.0001 M)..................0.0005. 7.5 0 100 


formed. The strong binding of the metal in carboxypeptidase is demon- 
strated also by observations that, after the reversal of the inhibition pro- 
duced by phosphate, cyanide, or sulfide, no activation resulted from the 
addition of magnesium, and that prolonged dialysis, first against 0.1 m 
phosphate and then against saline, does not remove magnesium, since 
almost the full activity of the enzyme is restored. 

The inhibition by iodoacetate suggests the possible presence in the en- 
tyme of sulfhydryl groups which are essential for the activity. This is 
also indicated by the inhibition produced by low concentrations of cuprous 
and lead ions. However, no inhibition was caused by the addition of silver 
and mercuric ions to the enzyme. Since these metals generally act as 
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sulfhydryl inhibitors, the results cannot be easily interpreted at the pres. 
ent time. It may be tentatively assumed that the inhibition produced by 
iodoacetate, copper, and lead is due to reaction with sulfhydry! groups, and 
that the failure of the other heavy metals to inhibit is due to unknown 
factors. 3 

The sensitivity of the enzyme to minute amounts of certain metals jp. 
dicates the need for strict precautions in avoiding contamination by such 
substances during the preparation of carboxypeptidase. In a few jp. 
stances, we have detected an apparent enzyme activation of 10 to 20 per 
cent in the presence of 10~‘ m cyanide or sulfide. Ordinarily, this low con. 
centration of these substances has no effect whatsoever. It is likely that 
these effects are due to the removal of traces of contaminating heavy 
metals. 

The large amounts of sodium ion which were present in some of the ip- 
hibitor solutions led to experiments in which the activity of carboxypep- 
tidase was tested with molar concentrations of sodium and potassium 
chlorides. These gave enzymatic activities which were identical with the 
control experiments in veronal buffer of lower ionic strength. 

Quantitative Inhibition Studies—Studies were made with several inhib- 
itors in order to determine the quantitative relationship of inhibitor to 
the active groups of the enzyme. For an equilibrium of the kind show 
in equation (1), where a is the total enzyme concentration, z is the amount 
of active enzyme, and (a — 2) is the quantity of enzyme bound to the in- 
hibitor, then 
(a — z) 2 


KI" 


where J is the concentration of inhibitor, N is the number of moles of in- 
hibitor combined with one active group of the enzyme, and K is the equ:- 
librium constant. 

Equation (2) yields curves of different shape where N has different val- 
ues; these are shown in Fig. 1, where N is 1, 2, or 4. On the semilog- 
rithmic plot, the shape of the curves is independent of the parameter 
where the maximal enzyme activity is plotted to the same scale. 

Fig. 2 shows the results obtained with phosphate. The curve draw 
through the data is the theoretical one from equation (2) where N is equal 
to 1. This suggests that 1 mole of phosphate combines with one active 
center of the enzyme. The curve where N is equal to 2 does not gives 
satisfactory description of the data. 

Fig. 3 presents the results for sulfide inhibition. Like the phosphate 
data, the curve which best describes the results is the one from equatid 
(2) where N is equal to 1. Curves with other values of N do not describe 
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the results. With the exception of the value obtained at the highest sul- 
fde concentration, the fit is quite good. At the high concentrations of in- 
hibitor, precise data are difficult to obtain, since the time required for 


| 


a 


Znzyine 
a 


Log Lnhihitor 


Fig. 1. Theoretical curves obtained from equation (2), where N has the value of 
1,2, or 4. 


Cent 


i i i 


Activity taPer 


og Conc Phosphate (Molar) 


Fic. 2. Effect of orthophosphate concentration on activity of carboxypeptidase. 
The curve drawn through the data is from equation (2), where N is 1. In these 
experiments and those given in Figs. 2 and 3, a constant amount of enzyme was in- 
cubated with the inhibitor for several hours at 25° and at pH7.5+0.1. The inhibi- 
tor concentration is given for the final test solution after addition of the substrate 
(0.05 u carbobenzoxyglycyl-t-leucine). The final enzyme concentration was 0.004 
mg. of protein N per cc. No buffer other than phosphate was present in these ex- 
periments. The inhibitor concentration is the total amount of orthophosphate 
present. 


kinetic measurements is quite long, and during this time some irreversible 
inactivation of the enzyme may occur. 

The data shown in Fig. 4 are for the effect of cyanide on carboxypep- 
idase activity. Here the best description of the results is obtained with 


N=4 
N=l 
- A-xX N=2 
2 
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the curve from equation (2), where N is equal to 2. Like the results ob. 
tained with cyanide and sulfide, the extensive data obtained with this 
inhibitor are sufficiently precise to eliminate easily other values of N frox 
consideration. This result leads to the conclusion that 2 moles of cyanide 
combine with each active center of the enzyme, while the binding of only 
one phosphate or one sulfide by the active group produces inhibition. ; 

The concentration of these substances required for 50 per cent inhibition |, 
(equivalent to K) is 0.089 m phosphate, 0.0037 m sulfide, and 0.00107 y | ; 
cyanide. | t 


% 100 

g 75 i 4% 

Q 5 

50 ° J 

NS N 

Log conc. Sulfide Molar) Log Canc. Cyanide 

Fia. 3 Fia. 4 

Fic. 3. Effect of sodium sulfide concentration on activity of carboxypeptidase. . 


The smooth curve is from equation (2), where Nis 1. Veronal (0.05 was usedas 
the buffer. The other conditions of the experiments were the same as those given 
in Fig. 2. g 
Fic. 4. Carboxypeptidase activity as a function of sodium cyanide concentrs | 
tion. The curve is derived from equation (2), where N is 2. Veronal (0.05m) we | } 
used as the buffer. The experiments were performed in the same manner as thor ( 
In 

th 
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presented in Fig. 2. 


DISCUSSION 


The inhibition data obtained with carboxypeptidase indicate that this 
enzyme is a metallo-protein in which the metal is essential for the activity. 
It has already been suggested that in the metal-peptidases the réle of the 
metal is to form a chelate complex with both the protein and the substrate 
(1). With glycylglycine dipeptidase, there is marked parallelism betweet 
the ability of cobaltous ion to form a chelate complex with the substrate, 
as observed spectroscopically, and the ability of the enzyme to hydrolyz 
the substrate. With carboxypeptidase, the quantitative inhibition stu 
ies suggest that two bonds are available for formation of the inhibitor com- 
plex or of the enzyme-substrate complex. 
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Protein Protein Protein 
Meg Mg Mg 
HPO. CN- 


Thus with this metal which can form four bonds, two of coordinate and 
wo of covalent character, there are two valences which can combine with 
the inhibitor, and presumably two which are strongly linked with the pro- 
tein. 

While the schematic diagrams indicate the correct ratios of combination, 
it is not implied that cach magnesium combines with both valences in S7~ 
or HPOY. It is more likely that these ions actually form bridges which 
link the active groups of two molecules, as in —Mg—S—Mg—S—, or 
—Mg—HPO,—Mg—HPO,—. However, the ratios indicate the impor- 
tant result that two valences of the metal are available for combination 
with the inhibitor. 

Carboxypeptidase apparently contains suifhydryl groups, as suggested 
by the strong inhibition of the enzyme which is produced by iodoacetate 
and by low concentrations of Cut and Pb**. It is reasonable to assume 
that, in the absence of substrate or inhibitor, two valences ot the metal 
are tightly bound to unknown groups of the protein and two are loosely 
bound to sulfhydryl groups. In the presence of inhibitors or of a suitable 
substrate, the loose combinations are displaced by those compounds for 
which the metal has a higher affinity. 

The typical substrates of carboxypeptidase do not contain a free amino 
goup adjacent to the sensitive bond but must have a free carboxyl group 
(6,10). A peptide hydrogen is not essential in the substrate, as indicated 
by the slow enzymatic hydrolysis of carbobenzoxy-L-tryptophyl-L-proline 
(10) and, even more dramatically, by the rapid hydrolysis of an ester bond 
in the compound hippurylphenyllactic acid (9). Chelate complexing of 
the metal must then occur with the carbonyl group at the sensitive bond 
and with the ionized carboxyl group, as shown for an acylated peptide. 


R’” 
| 
Acyl—NH—CH—C—NH—CH—C00- 
| 
O 


The arrows show the points of metal combination and the dotted line the 
sensitive bond. In contrast with dipeptidases and aminopeptidases where 
chelation of the metal must occur with the free amino group and the nitro- 
gen of the sensitive peptide linkage, the metal in carboxypeptidase does 
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not combine with nitrogen at all. It should be noted that the substrate 
combines not only with the metal but also directly with the protein through 
the center that binds R’; the nature of R’ determines in large part the 
specificity of action and the rate of hydrolysis of different substrates (7. 
10). It is also likely that R” may be bound by the protein, but the ¢. 
fect is small as compared to the large effect of R’ (10, 16). 

The réle of the metal in forming the enzyme-substrate complex of the 
peptidases has led to the development of a theory of the mode of action 


of these enzymes (16). Briefly, it is postulated that, in each instance, | 
chelation occurs at opposite sides of the sensitive peptide bond. Thes — 


two linkages (together with those which involve the protein directly through 


R’ and R”) produce a strain or electronic distortion at the sensitive link. — 
age; this labilization (decrease in the energy of activation) permits the | 


hydrolysis of the linkage by the usual hydrogen or hydroxy] ion catalysis. 
While this hypothesis is now being subjected to further experimental test, 
it has already led to an explanation of many hitherto unrelated facts con- 
cerning carboxypeptidase (16). 

It is noteworthy that according to this hypothesis the strength of the 
acid combined at the sensitive linkage has a tremendous effect on the rate 
of hydrolysis of the peptide bond. For example, it is well known that 
chloroacetylamino acids are much more sensitive to hydrolysis than ace- 
tylamino acids; the former are much stronger acids than the latter. Sim- 
ilarly, it was demonstrated (17) that carbobenzoxy-8-alanyl amino acids 
are hydrolyzed much more slowly than carbobenzoxyglycyl amino acids. 
It has now been found that carbobenzoxyglycine is a much stronger acid 
than carbobenzoxy-f-alanine.? Obviously, this is a free energy effect 
similar to those reported for the non-enzymatic hydrolysis of many homdl- 
ogous series of esters and amides (18). 

The specificity of carboxypeptidase (as well as other metal-peptidases) 
may now be analyzed in terms of a number of distinct factors: (1) the 
diaffinity concept of von Euler and Josephson (19), which may be inter- 
preted in terms of the necessary polar groups of the substrate which ar 
bound by the metal; (2) the polyaffinity concept of Bergmann (20), whieh 
is concerned with the correct steric relationship of R’ and the essential 
polar groups; (3) the specific binding energy of the protein for R’, R’, 
and possibly other side chains, depending on the nature of the 
enzyme and its substrates; and (4) the free energy of the sensitive link- 
age which depends on the acid strength of the carboxyl group and on the 
strength of the amino or other group which is linked to the acid. There 
are undoubtedly many additional factors which influence the specificity 


* Unpublished observations by Lumry, Polglase, and Smith. 
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of peptidases, and it will now be possible to separate them from these 
known factors which influence the specificity of these enzymes. 


SUMMARY 


|. Crystalline pancreatic carboxypeptidase is inhibited by cyanide, sul- 
fde, phosphate, pyrophosphate, citrate, oxalate, and cysteine. These 
studies indicate that a metal, presumably magnesium, is an essential con- 
stituent of the enzyme. 

2. Each active group of the enzyme combines reversibly with 1 mole 
df phosphate, 1 mole of sulfide, and 2 moles of cyanide. 

3. Carboxypeptidase is inhibited by iodoacetate and by Cut and Pbt+ 
jons, suggesting the presence of essential sulfhydryl groups. 

4. This information has led to a picture of the method of combination 
df enzyme and substrate, and a theory of the mode of action of the metal- 


peptidases. 
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PAPAIN RESOLUTION OF pi-TRYPTOPHAN; OPTICAL 
SPECIFICITY OF CARBOXYPEPTIDASE* 


By H. THEO HANSON? ano EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Medicine and Biological Chemistry, University of Utah College of 
Medicine, Salt Lake City) 


(Received for publication, January 10, 1949) 


The optical specificity of the synthetic activity of papain has previously 
- teen used for the resolution of the pL mixtures of derivatives of several 
amino acids (1-3). With cysteine-activated papain and a mixture of the 
carbobenzoxy-DL-amino acid and aniline, the carbobenzoxy-L-amino acid 
ailide is synthesized and crystallizes from the solution. The carboben- 
wxy-D-amino acid is readily recovered from the mother liquor. 

We have used this method to resolve carbobenzoxy-pL-tryptophan. 
The crystalline carbobenzoxy-L-tryptophan anilide was obtained in quan- 
titative yield, but no method was found by which the free L-tryptophan 
could be prepared without extensive destruction or racemization.!. How- 
ever, the carbobenzoxy-p-tryptophan was easily converted by hydrogena- 
tion to D-tryptophan. Peptide derivatives of p-tryptophan were prepared. 

Previous studies (4) have demonstrated that substrates which possess 
the free carboxyl group on a terminal p-amino acid are extremely resistant 
to the hydrolytic action of crystalline pancreatic carboxypeptidase. In 
agreement with these observations, we find that carbobenzoxyglycyl-p- 
tryptophan is not hydrolyzed by this enzyme (Table I). However, sub- 
strates of the type of carbobenzoxy-p-tryptophylglycine have not yet been 
ested. We find that this compound is also resistant to the hydrolytic 
ation of carboxypeptidase (Table I). Thus, it appears that, for the action 
of this enzyme on carbobenzoxy dipeptides, the amino acid residue at either 
position cannot be of the p configuration. 


* This investigation was aided by a grant from the United States Public Health 
Service. 

t Postdoctorate Fellow of the United States Public Health Service. Present 
address, Medical School, University of Wisconsin, Madison. 

‘It is apparent that hydrolysis by strong acid or alkali is not suitable for the 
preparation of this amino acid. .-Tryptophan may be recovered by hydrogenation 
of carbobenzoxy-L-tryptophan anilide followed by the papain hydrolysis of L-tryp- 
tophan anilide. However, the objective in this investigation was a simple method 
for the preparation of p-tryptophan. 
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EXPERIMENTAL 


The crystalline carboxypeptidase was obtained from frozen bovine pan. 
creas by Anson’s method (5) and recrystallized five times by the procedure 
of Neurath, Elkins, and Kaufman (6). The enzymatic tests were per- 
formed in 2.5 cc. volumetric flasks. Hydrolysis was measured on 0.2 ¢¢. 
samples by the carboxyl titration method of Grassmann and Heyde (7). 

The analyses for nitrogen on the compounds described below were per. 
formed by the micro-Dumas method. 

Enzymatic Synthesis of Carbobenzoxry-L-tryptophan Anilide—61 gm. of 
carbobenzoxy-DL-tryptophan (8) were pulverized and dissolved in 90 ce. 
of 2m NaOH, and there were added 28 cc. of reagent grade aniline, 650 ce. 
of 0.2 m citrate buffer at pH 5.0, 1.5 gm. of cysteine hydrochloride in 


TaBLe I 


Action of Crystalline Carborypeptidase on Peptide Derivatives of u-Tryptophan and | 


b-Tryplophan 
The tests were performed at 25° with solutions of 0.05 m substrate at pH 74 
buffered with 0.04 m veronal. 


| Protein N 
Substrate ' per cc. test Time Hydrolysis 
solution 
hes per cent 
0.4 | §&4 | 0 
....... 0.4 4 | 
Carbobenzoxy-p-tryptophylglycine............... 0.4 54 | 0 


few cc. of water, and a filtered solution of the enzyme obtained by extract- 
ing 4 gm. of commercial papain® with 30 cc. of water. The mixture was 
diluted with water to about 1 liter and allowed to stand at 40° for 6 days. 
In this reaction mixture, adjusted near the pH optimum of papain, car- 
bobenzoxy-pL-tryptophan is only partially soluble. Therefore, at 2 day 
intervals, the incubation was interrupted by cooling? the preparation to 


0° and adding 2 m NaOH until the solution was alkaline to phenolphthalem; — 


the insoluble anilide was then filtered. After each of the first two crops 
was removed, the filtrate was readjusted to pH 5 with 5 m HCl, and enzyme 
and cysteine were added as before. The three crops of anilide (needles) 
weighed 37 gm. equivalent to 100 per cent of the theoretical yield. After 


* Wallerstein Company, Inc., New York. 

$ Alkali must be added only to cold solutions; otherwise extensive racemization 
occurs. In a trial experiment where this precaution was not taken, about 75 per 
cent of the carbobenzoxy-pL-tryptophan which was used was recovered as carbobes- 


zoxy-L-tryptophan anilide. 
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recrystallization from ethyl acetate-petroleum ether, the compound melted 
at 172-173". 
CxsH2»O,N;. Calculated. C 72.6, H 5.6, N 10.2 
413.5 Found. OS 
lalp = +39.2° (2.5% in glacial acetic acid) 


This anilide was also prepared by coupling carbobenzoxy-L-tryptophy! 
chloride (8) with aniline. After recrystallization from ethyl] acetate-petro- 
leum ether. 


Calculated, N 10.2; found, 9.9 
= +39.4° (2.5% in glacial acetic acid) 


Carbobenzoxy-b-tryptophan—aAfter the removal of the last crop of car- 
bobenzoxy-L-tryptophan anilide, the filtrate was acidified to Congo red 
by the dropwise addition of 5 m HCl, and allowed to stand at 0° for 24 
hours. The yield was 27 gm. or 87 per cent of the theoretical. The com- 
pound was dissolved in ethyl acetate, treated with norit, and recrystal- 
lized by the addition of petroleum ether; m.p., 124—126°. 


CisH (338.4). Calculated, N 8.3; found, N 7.9 
ialn = +15.4° (5% in 1 equivalent of m NaOH) 


Carbobenzoxy-L-tryptophan‘ melts at 126° (8), and has an [a] = 
-14.8° (5 per cent in 1 equivalent of m NaOH). 

p-Tryplophan—4.0 gm. of carbobenzoxy-pb-tryptophan were hydrogenated 
in 40 cc. of methanol, 3 ec. of water, and 1 cc. of glacial acetic acid in the 
presence of palladium black. About 250 cc. of hot water were added to 
dissolve the product before filtering the catalyst. The hot aqueous solu- 
tion was treated with norit and concentrated in vacuo. Yield, 1.8 gm. 

Berg (9) found for p-tryptophan, [a]” = +32.45° (0.5 per cent in 
water); Dunn and Rockland (10) give for L-tryptophan, [a]®> = —32.15° 
(2.07 per cent in water). 


Cy), (204.1). Calculated, N 13.7; found, N 13.6 
lal> = +33.1° (0.8% in water) 


Carbobenzoxry-p-tryptophylglycine—2 gm. of carbobenzoxy-p-tryptophan 
were converted to the crystalline acid chloride (m.p. 75°) as previously 
described for the corresponding L compound (8). <A solution of the acid 
chloride in 20 cc. of ethyl acetate was coupled at 0° with 0.53 gm. of glycine 
in the usual manner by using mM NaOH as the neutralizing agent. After 
30 minutes at room temperature, the solution was acidified to Congo red 
with § m HCl, and the product was extracted into ethyl acetate. The 


‘The optical activity of these . compounds was measured on the identical prep- 
arations described earlier (8). 
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solution was dried over NaeSO,, and the product crystallized by addition 
of petroleum ether. Yield, 1.5 gm. After recrystallization from the same 
solvents, the melting point was 156.5°. 
CuaHaOsN; (395.4). Calculated, N 10.6; found, N 10.3 
lalp = +20.2° (4.7% in absolute ethanol) 
For the corresponding L compound, melting point 156° (8), and [a]® = 
—19.8° (4.7 per cent in absolute ethanol). 


Carbobenzoxryglycyl-p-tryptophan—To a solution at 0° of 2.5 gm. of p | 
tryptophan in 12 ec. of m NaOH, 3.1 gm. of crystalline carbobenzoxyglycy| | 
chloride were added with an additional 12 ce. of m NaOH. After stand. — 


ing in the cold for 20 minutes and at room temperature for 1 hour, the 
solution was acidified and the product extracted into ethyl acetate. The 
solution was washed with water, and concentrated in vacuo. The oily 
residue was dissolved in hot ethanol-water and treated with norit. The 
crystalline product (2.6 gm.) melted at 70°; this was assumed to be an 
alecoholate. After recrystallization from ethyl acetate-petroleum ether, 
the melting point was 141°. 


CoH (395.4). Calculated, N 10.6; found, N 10.3 
laln = —33.4° (2.5% in absolute ethanol) 


The corresponding 1 compound* melts at 142° (8), and has [a]? = 
+33.5° (2.5 per cent in ethanol). 


SUMMARY 


1. Carbobenzoxy-pL-tryptophan has been resolved by the action of 
cysteine-papain in the presence of aniline. The anilide of the L isomer 
separated in crystalline form. From the filtrate carbobenzoxy-p-trypto 
phan was obtained which was then converted to p-tryptophan. Peptide 
derivatives of p-tryptophan were prepared. 

2. Carboxypeptidase has no hydrolytic action on carbobenzoxyglycy!- 
p-tryptophan or carbobenzoxy-p-tryptophylglycine. 
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THE EFFECT OF THYROID ACTIVITY ON CERTAIN 
ANABOLIC PROCESSES STUDIED WITH 
THE AID OF DEUTERIUM* 


By ADELE KARPft ann DeWITT STETTEN, Jr.} 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, January 18, 1949) 


In the study of the metabolic defects of hypo- and hyperthyroidism: 
great stress has been placed upon the alterations of the total metabolic 
rate, as measured by gaseous exchange, which in turn represents the 
summation of many simultaneous processes, among which the catabolic 
ones predominate. ‘The isotope technique has provided a convenient 
method for the estimation of the rates at which certain tissue constituents 
are being synthesized and deposited in the intact animal body. By re- 
placement of a portion of the body water by deuterium oxide and ob- 
servation of the rates at which stably bound deuterium appeared in tissue 
fatty acids (1), cholesterol (2), and glycogen (3), it has been possible to 
estimate the rates of synthesis of these several tissue constituents under 
various circumstances. It was considered of interest to apply this tech- 
nique to the study of the anabolic rates of various tissue constituents of 
experimental animals at different levels of thyroid activity. 

To this end, a group of rats was rendered thyrotoxic by the addition 
to their diet of desiccated thyroid gland.' Hypothyroidism was pro- 
duced in a second series of rats by the administration of thiouracil (4); 
and a third group of rats, receiving no medication, served as controls. 
Immature rats were selected as experimental animals in view of their 
favorable and relatively rapid response to thiouracil (4). 


EXPERIMENTAL 
Animals and Diet—Immature female rats of the Sherman strain were 
used throughout. At the age of 22 days, rats were placed in metabolism 


* This work was carried out with the aid of grants from the Nutrition Foundation, 
Inc., and the Josiah Macy, Jr., Foundation. 

t Submitted by Adele Karp in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy in the Faculty of Pure Science, Columbia University. Pres- 
= address, The Public Health Research Institute of The City of New York, Inc., 

York. 

$ Present address, The Public Health Research Institute of The City of New York, 
Ine., New York. 

' Thyroid, U. S. P., Parke, Davis and Company. 

*The authors wish to express their gratitude to Lederle Laboratories Division, 
American Cyanamid Company, for their gift of Deracil powder. 
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cages, two rats per cage, and divided into three groups, litter mate con- 
trols being used as far as possible. The basal diet comprised 60 parts 
of corn starch, 22 parts of casein, and 6 parts each of yeast powder, rough- 
age (Celluration), and salt mixture (5). Initially four rats were em. 
ployed for the determination of each experimental point in each of the 
three groups, but as the mortality rate among the animals receiving 
thyroid substance was high, supplementary rats were added to furnish 
sufficient material. A total of 82 rats was employed in the entire ex. 
periment. Food and water were allowed ad libitum and the quantity 
consumed was estimated daily. Weekly supplements of vitamin A and 
D concentrate were administered to all rats, and additional small sup- 
plements of cod liver oil and linseed oil were given from time to time 
to those rats receiving thyroid gland. 

The first group of rats served as normal controls. To the drinking 
water of the animals of the second group was added 0.1 per cent of 
thiouracil. The thiouracil consumed increased from an initial value of 
about 5 mg. to about 10 mg. per rat per day at the end of the experiment. 
With the diet of the third group was admixed 1 per cent of desiccated 
thyroid powder. Except for retarded growth (cf. Fig. 1), no untoward 
symptoms were noted among the animals receiving thiouracil. After 
about 2 weeks the rats fed thyroid gland exhibited all the expected signs 
of toxicity: hyperactivity, tremor, tachycardia, and cachexia. The mor- 
tality in this group was 47 per cent and the animals which were sub- 
jected to autopsy showed marked congestion of all internal organs. The 
weight curve of this group is distinctly subnormal (cf. Fig. 1). The aver- 
age daily food consumption of the three groups during the last week of 
life was 12 gm. for the normal rats, 12 gm. for the rats receiving thiour- 
acil, and 22 gm. per 100 gm. of body weight per day for the rats receiv- 
ing thyroid substance. 

All thyroid glands were studied grossly and histologically. The glands 
from those animals which had received thiouracil were grossly enlarged, 
hyperemic, firm, and readily separable from the tracheas. Histologi- 
cally, the epithelium lining the follicles was hyperplastic and _ hy- 
pertrophic, and there was great loss of colloid and invagination of the 
lumen of the follicles. The thyroid glands from the rats which had been 
fed thyroid substance were much smaller than normal, pale, and not 
firm. In many cases they were distinguishable with difficulty from 
surrounding tissues, even under the dissecting microscope. Histolog- 
cally, the epithelium lining the follicles was flattened and, in many areas, 
atrophied; the follicles were small and filled with dense colloid. No 
difficulty was encountered in classifying the microscope slides according 
to the treatment which the animals had received during life. The histo 
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logical results were confirmed by Dr. H. C. Stoerck and Dr. D. G. Wor- 
cester of the Department of Pathology, College of Physicians and Surgeons. 

Deuterium Oxide Administration—Subgroups of at least four animals 
each, from each of the three groups, were given D.O for periods of 4, 1, 
2,4, and 8 days. ‘The initiation of the isotope regimen was so adjusted 
that all experiments were terminated on the 45th day of life. At the 
appropriate time, each rat received a subcutaneous injection of 1 ml. 
per 100 gm. of body weight of 99.5 per cent D,O containing 0.9 per cent 


NORMAL 
THYROID 
100k THIOURACIL 
75 
° 
> 


2) 
' 
° 
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AGE - DAYS 


Fic. 1. Growth curve of animals. The average weights of the total number of ani- 
mals within each group are plotted against age throughout the period of medication. 
The hollow blocks (right corner) represent the duration of the isotope regimens. 


NaCl. From this time on, drinking water was replaced by 1.7 per cent 
DO, and this solution was also used to moisten the food. This pro- 
cedure served to establish and maintain D,O concentrations of 1.1 to 
1.2 per cent in the body water of the animals. 

At exactly 45 days of age, each rat was killed by the intraperitoneal 
injection of nembutal. 

Isolations and Analyses—The tissues from the animals of each sub- 
group were pooled for analysis. Livers were rapidly removed, weighed, 
and ground with sand in a volume of cold 10 per cent trichloroacetic 
acid approximating the weight of the tissue. This mixture was filtered 
by suction and the solid residue extracted twice again with cold 5 per 
cent trichloroacetic acid. From the combined filtrates glycogen was 
immediately precipitated by the addition of ethanol to a final concen- 
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tration of 60 per cent (6). Purification of the glycogen was effected 
by successive reprecipitations with ethanol, once from 15 per cent KOH 
solution, and twice from water. The white product was washed by 
centrifugation with increasing concentrations of ethanol and then acetone, 
was air-dried, and finally dried in vacuo over POs. 

The residue from the trichloroacetic acid extractions was further ex. 
tracted by boiling successively with 95 per cent ethanol, ethanol-ether 
mixture (3:1), and twice with ether. The ether was evaporated from 
the combined lipide extract and the remaining ethanolic solution made 
alkaline by the addition of 5 per cent of solid KOH. The solution was 
boiled under a reflux for 3 to 4 hours, diluted with an equal volume of 
water, and the non-saponifiable portion exhaustively extracted with 
petroleum ether. From a solution of the non-saponifiable fraction in 
80 per cent ethanol, sterol digitonides were precipitated and isolated. 

The aqueous-ethanolic solution of saponifiable products was acidified 
to Congo red paper, and the liberated fatty acids were extracted with 
petroleum ether. The combined petroleum ether solution of fatty acids 
was washed with water, dried over Na2SO,, evaporated to dryness, and 
the residue dried in vacuo over P,Q; and paraffin. 

The residual liver tissue which remained after the foregoing extrac- 
tions was dried overnight at 90°, ground thoroughly with the sand with 
which it was contaminated, and aliquot portions taken for micro-Kjeldahl 
nitrogen determinations. This insoluble fraction has been designated 
“liver protein,” and its quantity estimated from the nitrogen determination. 

The eviscerated carcasses of the rats from each subgroup were ground 
and digested in hot aqueous 30 per cent KOH, the volume of the reagent 
approximating the mass of tissue. The alkaline digest was filtered 
through glass wool and glycogen was precipitated from the filtrate by 
the addition of 1.2 volumes of ethanol. The glycogen was collected 
by sedimentation and centrifugation and was purified by successive 
precipitations with ethanol, once from 10 per cent aqueous trichloro- 
acetic acid, and twice from water. 

The isolations of carcass sterols and carcass fatty acids were conducted 
on a weighed aliquot portion of the aqueous-ethanolic alkaline supernatant 
solution from which glycogen had been precipitated. The steps were 
similar to those described above in the treatment of liver. 

The pooled hearts, lungs, spleens, and kidneys from each subgroup were 
used for the isolation of a sample of body water (7). The segment of 
trachea to which the thyroid gland adhered was removed from each 
animal, and the thyroid gland was subsequently freed of adjacent tissues 
under the dissecting microscope. The gland was fixed in Bouin’s solu- 
tion, imbedded in paraffin, sectioned, and stained with hematoxylin and 
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eosin. The elapsed time between the killing of the animal and the dis- 
position of the carcass was 5 to 6 minutes. All deuterium analyses were 
carried out by the falling drop technique (8). 


DISCUSSION 


That the animals receiving thyroid substance exhibited the expected 
toxic response was shown by the development of the symptoms of thyro- 
toxicosis, the high mortality, and the inhibition of gain in weight despite 
polyphagia (9). Whereas the normal rats, during the last 12 days of the 
experiment, gained an average of 0.33 gm. in weight per gm. of food eaten, 


TaBLe 
Carcass and Liver Weights; Deuterium Content of Body Water 


Normal Thiouracil | Thyroid 
Duration Car- No. of Ca | No. of re 
N ‘ iver Rod 0.9 rcass ver Bod ©. arcess 
| | | 
aloms aloms aloms 
per per | per 
deys gm. em. cent gm. gm. cent gm. gm. cent 
excess (Xcess excess 
D | D D 
i 4 108 | 4.88 | 1.16 4 105 4.86) 1 22, 4 88 | 7.03 | 1.22 
l 4 127 | 5.46 1.17) 4 109 | 5.61} 1.19 2 79 5.28 | 1.21 
2 4 111 | 5.24 1.21 4 80 | 3.92 '1.17 3 81 §.23 | 1.11 
4 4 120 | 5.06 1.09 8 90 | 4.138 | 1.16 6 80 5.55 | 1.16 
S 4 106 5.19 | 1.18 6 100 | 4.40 1.18 4 86 | 6.57 | 1.14 
Weighted av- | | 
erage. ....... 114 5.16 96 | 4.50 83 | 6.00 


the rats receiving thyroid gland gained only 0.14 gm. The complete 
absence of glycogen from the livers of the animals receiving thyroid 
gand was a uniform observation in the present series and is in accord 
with numerous reports of this effect of thyroid intoxication (10). Rela- 
tive, as well as absolute, hepatomegaly was noted (Table I); liver weight 
per 100 gm. of body weight averaged 4.53 gm. for the normal animals, 
and 7.23 gm. for the rats receiving thyroid gland, a finding which has 
previously been described (11). The grossly evident cachexia was re- 
fected in the analytically determined diminution in the quantity of 
depot fat; the rats receiving thyroid gland contained almost 25 per cent 
less depot fat per 100 gm. of body weight than did the normal control 
tries. The histological changes observed in the thyroid glands of these 
animals were in accord with the expected response to thyroid admin- 
istration (12, 13). 
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The evidence that thiouracil had exerted its inhibitory effect in our ap. 
imals rests largely upon the gross and histological appearance of the thy. 
roid gland itself, which was identical with the descriptions in the lit. 
erature (14, 15). The correlation between this appearance of the gland 
and lowered metabolic rate has been demonstrated by others (16, 17), 
The moderate retardation of growth in response to thiouracil (cf. Fig. 
1) was also in accord with the reports of others (14, 15). No signif. 
cant deviation from normal food intake was noted. 

Glycogen—No trace of glycogen was recovered from the livers of any 
of the rats receiving thyroid gland. The deuterium concentrations jp 
the successive samples of liver glycogen obtained from the normal and 


LIVER GLYCOGEN 
NORMAL THIOQURACIL« 


DAYS 


Fic. 2. Deuterium concentrations in liver glycogen samples. The deuterium 
concentrations, expressed as percentage of deuterium in body water, have been 
plotted against duration, in days, of the deuterium oxide regimen. 


thiouracil-treated rats varied widely (cf. Fig. 2), a finding which has 
been previously observed (3). 

Comparison of the deuterium concentrations in the samples of carcass 
glycogen from the normal and the thiouracil-treated rats (Fig. 3) reveals 
no striking differences. On the other hand, point for point, the samples 
of carcass glycogen from the rats receiving thyroid gland were richer in 
deuterium than those from the other two groups. The three factor 
which determine the rate of increase in deuterium of a tissue constituent 
in such an experiment are the amount synthesized each day, the amount 
of preexisting non-isotopic tissue constituent with which this is diluted, 
and the actual isotope concentration in the newly synthesized product. 
This last quantity may be evaluated experimentally by estimation d 
the asymptotic value which the isotope concentrations appear to be 
approaching. From Fig. 3 it would appear that this asymptote lies m 
the neighborhood of 35 to 40 atoms per cent D for the glycogen in the 
thyroid-treated animals, and at 15 to 20 atoms per cent D for the glyco 
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gen in the other two groups. This suggests that when thyroid sub- 
stance was fed, approximately twice as much stably bound hydrogen 
in the newly synthesized glycogen had arisen from the body water as 
was the case in the other two groups. Similar observations of variation 
in the value of the asymptote, referred to as tmax., have been made in 
diabetic (18) and in thiamine-deficient (19) animals, and alsoin animals 
fed lactate in place of glucose (20). In each of these cases, imax. Was 
higher than in the normal control. 

Fatty Acids—The rises in deuterium concentration observed in the 
fatty acids both of liver and of carcass show certain common character- 
istics (cf. Figs. 4 and 5). In every case the thyroid-fed animals gave 
samples richer in deuterium than did those of the other two groups. From 


CARCASS GLYCOGEN 
NORMAL + THYROID® THIQURACIL « 


l 


8 


O 2 4 
DAYS 

Fig. 3. Deuterium concentrations in carcass glycogen samples. The deuterium 
concentrations, expressed as percentage of deuterium in body water, have been 
plotted against duration, in days, of the deuterium oxide regimen. 


an inspection of the curves it appears that in the thyroid-fed animals 
the isotope concentrations approach a maximal value of about 45 to 50 
atoms per cent D. On the other hand, in the cases of the normal con- 
trols and thiouracil-treated animals, an tmax. of about 35 atoms per cent 
D is approached. Estimation of the half life times in the case of the 
liver fatty acids leads to a value of about 1 day when thyroid was ad- 
ministered, and about 14 days for the normal and thiouracil-treated 
groups. As expected, the fatty acids of the carcasses in each group of 
animals approached the same maximal isotope concentrations as those 
of the livers, but at a lower rate. In the case of the carcass fatty acids, 
half the maximal isotope concentration is reached in about 2} days under 
thyroid administration and in about 4} days in the other two groups. 
With use of these figures together with the quantities of depot fatty acids 
recovered from each of the three groups of animals (Table II), it has 
been estimated that 1.2, 1.1, and 1.0 gm. of depot fatty acids per rat 
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were replaced daily by newly synthesized fatty acids in the normal, the 
hypothyroid, and the thyrotoxic animals, respectively. 

The more rapid rise in deuterium concentration of the fatty acids of the 
carcasses of the rats receiving thyroid substance is thus ascribable to the 
higher value of tax and the paucity of depot fat. The diminutions jp 


LIVER FATTY ACIDS 
NORMAL THYROIDe THIQURACIL« 
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Fic. 4. Deuterium concentrations in liver fatty acid samples. The deuterium 
concentrations, expressed as percentage of deuterium in body water, have been 
plotted against duration, in days, of the deuterium oxide regimen. 
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Fic. 5. Deuterium concentrations in carcass fatty acid samples. The deuterium 
concentrations, expressed as percentage of deuterium in body water, have been 
plotted against duration, in days, of the deuterium oxide regimen. 


the quantity of depot fat which followed the administration of thyroid 
gland, in spite of a virtually normal rate of deposition of newly synthesised 
fatty acids, must therefore be attributed to accelerated degradation d 
body fat. This is in contrast to the mechanism of diminution in the 
quantity of body fat observed in diabetes (19), undernutrition, and thiamine 
deficiency (20). In all of these cases, a striking diminution in the rate of 
lipogenesis was observed. 
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Sterolsa—Whereas the level of blood cholesterol, both in man (21) and 
in experimental animals (22), is known to be influenced by the activity 
of the thyroid gland, no significant variations in the quantities of sterol 
recovered from the livers and carcasses of the three groups of animals 
here studied were noted (Table II). Consideration of the concentra- 
tions of deuterium found in the sterol digitonides of the livers of the 


II 


Average Weights of Tissue Constituents 
Liver constituents are reported as per cent of wet liver weight, carcass constit- 
gents as per cent of total body weight. 


Normal Thiouracil Thyroid 
| percent percent percent 
| 5.79 4.00 
Liver sterol digitonides....................., 0.72 0.69 0.68 
Carcass sterol digitonides.................. 0.48 0.51 0.57 
| 16.1 13.3 17.4 

LIVER STEROL DIGITONIDES 
I 
Sees NORNAL THYROID» 
| THIOURACIL 
0 2 4 6 8 


DAYS 


Fic. 6. Deuterium concentrations in liver sterol digitonide samples. The deu- 
rium concentrations, expressed as percentage of deuterium in body water, have 
been plotted against duration, in days, of the deuterium oxide regimen. 


three groups of rats reveals the same tendency that has previously been 
noted in the other tissue constituents (Fig. 6). The isotope concentra- 
tions in the materials from the rats receiving thyroid gland are higher than 
normal, while the thiouracil-treated rats appear to give slightly lower 
values. However, the quantitative differences here are not as striking 
%& with the glycogen and fatty acids. The curves for the liver sterols 
proper, corrected for the presence of digitonin (23), appear to approach 


EFFECT OF THYROID ACTIVITY 


maximal values between 45 and 60 atoms per cent D. A half life of 3 to 
4 days is here estimated. 

In view of the relatively long half life of carcass sterols (2), the low 
. deuterium analyses obtained on the carcass sterol digitonides are not 
surprising. The resultant higher per cent analytical error would in part 
account for the wide scattering of these points (Fig. 7), which precludes 
any satisfactory interpretation. 

Liver “Protein” —The isotope concentrations of the liver protein frac. 
tions are plotted in Fig. 8. It is recognized that the protein mixture 
analyzed is far from homogeneous and that the processes leading to the 
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Fic. 7. Deuterium concentrations in carcass sterol digitonide samples. The 
deuterium concentrations, expressed as percentage of deuterium in body water, have 
been plotted against duration, in days, of the deuterium oxide regimen. 


biological incorporation of deuterium into the protein molecule are nuv- 
merous and cannot at present be exactly described. Among these an in- 
portant one probably is the introduction into the proteins of deuterio 
amino acids which have been synthesized in a medium of heavy water; 
and in so far as this is true, the rise in deuterium concentration of the 
liver protein should bear some relationship to the rate of protein synthesis. 
Study of Fig. 8 reveals a tendency toward higher isotope concentrations 
in the liver proteins of the thyroid-fed animals, when compared with the 
other two groups. The thiouracil-fed animals do not deviate signif- 
cantly from the normal. Here again the differences are not marked 
enough to allow a quantitative comparison. Under these experimental 
conditions an ims. of between 20 and 25 atoms per cent D appears to be 
approached. From these figures the half life of the process which we ar 
measuring would be 2 to 3 days. 
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Summary of Results—Certain generalizations may be drawn from the 
results described. In virtually every case in which the data were sus- 
ceptible of analysis, the compounds isolated from the rats receiving thyroid 
gland were richer in deuterium than the corresponding compounds iso- 
lated from the normal animals. In certain cases, the compounds isolated 
from the thiouracil-fed rats contained less isotope than did the corre- 
sponding compounds from the normal animals. In several cases it was 
possible to estimate the isotope concentration, tmax., Which would be 
approached in infinite time, and in each of these cases, the value was 
above normal when thyroid was fed. These differences accounted, in 
large part, for the differences in the rates of incorporation of deuterium 
into the various compounds studied. 


25+ 
I LIVER “PROTEIN® 
THIQURACIL « 
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6) 2 4 é 8 
DAYS 


Fig. 8. Deuterium concentrations in liver ‘“‘protein” samples. The deuterium 
concentrations, expressed as percentage of deuterium in body water, have been 
plotted against duration, in days, of the deuterium oxide regimen. 


The implication of this finding is that, of the hydrogen stably bound in 
newly synthesized fatty acid and glycogen, a fraction larger than normal 
arises from the body water when thyroid gland is administered. A simi- 
lar tendency seems to exist in the case of sterols and protein. This would 
suggest that the pool of smaller molecules which serve as common pre- 
cursors in the biosynthesis of all these larger molecules is richer than normal 
in deuterium in hyperthyroid states. Such a situation could arise if 
alarger proportion of the fundamental building blocks were derived from 
the breakdown of isotopic body constituents than from the non-isotopic 
diet. This assumption is in agreement with the well known increase 
in gaseous metabolism and nitrogen excretion in hyperthyroid states. 
The thiouracil-treated group of animals did not differ sufficiently from 
normal to allow conclusions to be drawn as to the hypothyroid state. 
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SUMMARY 


The rates of incorporation of deuterium from the body water into 
the glycogen, fatty acids, and sterols of liver and carcass, as well as into 
the protein of liver, have been studied in immature rats. Normal rats, 
rats fed thiouracil, and rats fed thyroid gland have been compared. 


The rate of rise in deuterium concentration of each constituent was 


greater than normal when thyroid substance was fed. A possible inter. 
pretation of these findings is given. 


In contrast to other situations in which diminution in the quantity of 


body fat has been studied, the cachexia of hyperthyroidism has beep 
found not to be accompanied by an interference with fatty acid synthesis, 
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STUDIES ON THE CYCLOPHORASE SYSTEM 
VII. p-ASPARTIC OXIDASE 


By J. L. STILL,* MARY V. BUELL, W. EUGENE KNOX, anv D. E. GREEN 
(From the Institute for Enzyme Research, University of Wisconsin, Madison) 
(Received for publication, February 15, 1949) 


The present communication deals with the properties of an oxidase 
found in rabbit kidney and liver which specifically catalyzes the oxidation 
by molecular oxygen of D-aspartic acid to oxalacetic acid. This oxidase 
was discovered in the cyclophorase preparation at the 3rd residue stage, 
but subsequent study revealed that the bulk of the enzyme is not asso- 
ciated with the particulate elements and can be found in high concentra- 
tion in the supernatant fluid obtained by centrifuging the first homogenate. 


Results 


Specificity of Enzyme—The soluble oxidase prepared as described in the 
experimental section catalyzes the oxidation of p-aspartate and to a much 
lesser degree that of p-glutamate but not that of L-aspartate or oxal- 
acetate (cf. Table I). The same preparation has little if any effect on 
p-methionine, p-phenylalanine, pL-alanine, pL-leucine, DL-a-aminobutyric 
acid, pL-ornithine, p-histidine, pL-tryptophan, or pL-a-aminophenylacetic 
acid. 

Effect of Ethyl Alcohol—When the oxidation of p-aspartate is carried 
out in the presence of ethyl alcohol, the rate of oxygen uptake is about 
doubled (cf. Fig. 1). Analysis of the reaction mixture disclosed that the 
reaction has proceeded according to the following equations (cf. Table II): 


(1) Aspartate + O. ——> oxalacetate + H.0O, + NH; 


@) + alcohol Catalase. acetaldehyde 


(3) Oxalacetate —--—» pyruvate + CO, 


Keilin and Hartree (1) have shown that this alcohol effect is specific for 
oxidase systems which form H:O» in the presence of catalase. Oxal- 
acetate is decomposed so readily by a carboxylase present in the extract 
that it can be demonstrated almost exclusively in the form of pyruvic acid. 

Coenzyme Requirement—No soluble coenzyme has been found to be 
required for the activity of the p-aspartic oxidase. The nature of the 
prosthetic group which is apparently firmly linked to the protein has yet 
to be established. 


* Rockefeller Travelling Fellow on leave from the University of Sydney. 
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Non-Identity with Krebs p-Amino Acid Oxidase—Apart from the fact 
that the preparation of the p-aspartic oxidase has little if any action op 
other p-amino acids, there is the additional evidence that benzoate, which 
according to Klein and Kamin (2) completely inhibits the p-amino 
acid oxidase of Krebs in 0.003 m concentration, has no effect on the p. 
aspartic oxidase (cf. Table III). The residual p-amino acid oxidase ae. 
tivity present in the enzyme extract was, however, completely inhibited. 


Taste I 
Specificity of v-Aspartic Oxidase 


Substrate (50 uu) : Oxygen uptake | Ammonia productios 
| microaioms ue 
p-Methionine..... | 6.0 4.8 


Each cup contained 1 cc. of the enzyme solution, 0.5 cc. of 0.1 m phosphate buffer 
of pH 7.3, 0.4 cc. of 4 per cent ethyl alcohol. Final volume 3 ce. Alkali in center 
well. Oxygen in gas phase; 38°. Time of experiment, 70 minutes. 


II 
Products of Reaction 
NH; (3) (2) 
(1) (2) (3) (4) (5) 
uM uM uM uM uM 
100 35.8 37.7 | 4.8 | 28.8 | 0.95 0.89 0.4 


The experimental vessels contained 1.5 cc. of enzyme, 0.5 cc. of 0.1 m phosphate 
buffer of pH 7.3 and 0.4 cc. of 4 per cent ethyl alcohol. Duplicate vessels were 
pooled for analyses. All the values are corrected for the blank without added sub 
strate. Time of experiment, 70 minutes. 


Oxidation of p-Aspartate in Cyclophorase System—A significant amount 
of p-aspartic oxidase activity is found associated with the particulate 
elements of kidney or liver cyclophorase at the 3rd residue stage. Here 
again, there is no action on the natural isomer, L-aspartate. Approx: 
mately 1 mole of ammonia is liberated for each atom of oxygen absorbed 
by the cyclophorase system in the presence of pL-aspartate (cf. Table IV). 
When the oxidation of aspartate is allowed to proceed in the presence d 
some member of the citric acid cycle, the ratio atoms of oxygen absorbed 
to the moles of NH; liberated exceeds a value of 1 and under appropriate 


No 
D- 
D-( 
p-} 
of 
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30 90 i20 
TIME iN MINUTES 

Fis. 1. Effect of ethyl alcohol on rate of oxidation of p-aspartate by p-aspartic 
oxidase. The complete system contained 1.0 ce. of enzyme solution, 0.5 cc. of 0.1 
u phosphate buffer of pH 7.3, 0.5 cc. of 0.2 M pL-aspartate, 0.4 cc. of 4 per cent ethyl 
alcohol, alkali in the center well (0.2 cc.), and water to make up to a final volume of 
$cc. Oxygen in the gas space. Curve I, minus substrate and alcohol; Curve II, 
minus alcohol; Curve III, minus substrate; Curve IV, complete system. 
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TABLE III 
Insensitivity of p-Aspartic Oridase to Benzoate 
With benzoate | Without benzoate | 
Oy benzoate, 
Addition (50 um) | based on 
Oxygen Ammonia Oxygen Ammonia ammonia 
uptake production §$-uptake production values 
| microatoms | microatoms | uM per cent 
6.7 4.5 | §.2 | 5.2 
| 91.0 | 69 | | 46.1 0 
D-Methionine..... 6.7 | 4.5 | 8.2 | 96 100 


Each cup contained 1 cc. of the enzyme solution, 0.5 cc. of 0.1 m phosphate buffer 
of pH 7.3, 0.4 ec. of 4 per cent ethyl alcohol. Final volume 3 ce. Alkali in center 
well. Oxygen in gas phase; 38°. Time of experiment, 70 minutes. 
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conditions attains a value of 6, which corresponds to the complete oxida. 
tion of aspartate to carbon dioxide, ammonia, and water according to the 
following equation (cf. Table V). 


TaBLe IV 
Oxidation of p-Aspartate in Kidney Cyclophorase System without 
Additions of Components 


| Ammonia produc- (1) 
Additions | tion 
| (1) (2) 

| microatoms pM 
pL-Aspartate (60 uM).............. | 21.2 13.35 1.19 
pt-Methionine (60 um)............. 8.8 3.97 0.6 
pL-Phenylalanine (60 um).......... 8.8 3.22 1.0 
Benzoate (0.003 m)................ 5.6 2.4 
pL-Aspartate + benzoate........._ 20.0 | 13.4 1.28 


Each manometer cup contained 1 cc. of kidney cyclophorase system at the 3rd 
residue stage, 0.5 cc. of 0.1 mM phosphate buffer of pH 7.3, and the additions as indicated 
above. Oxygen in gas phase; 38°. Time of experiment, 70 minutes. 


TaBLe V 
Complete Oxidation of v-Aspartate in Kidney Cyclophorase System 
| Ammonia produc- 1 
n 
microatoms pM 
1. a-Ketoglutarate (5 um).......... 64.4 | 4.35 
+ DL-aspartate | 
91.5 | 9.21 5.6 
2. a-Ketoglutarate (5 um)......... 62.4 
+ DL-aspartate | 
| | «9.28 6.1 


Each manometer cup contained | cc. of kidney enzyme at the 3rd residue stage, 
0.5 ec. of 0.1 m phosphate buffer of pH 7.2, 0.3 ec. of 0.01 m adenylie acid, 0.2 ce. of 
0.02 m magnesium chloride, and 0.3 cc. of 0.33 m fluoride. Oxygen in gas phase; 
38°. Time of experiment, 70 minutes. 


(4) Aspartate + 60 — 4CO, + NH; + 2H,0 


Effect of Washing Cyclophorase Gel—On successive washings, the amount 
of p-aspartic oxidase in the cyclophorase gel is gradually reduced (¢. 
Table VI). Thus at the 6th residue stage there is found only about hal 
the activity as at the 3rd residue stage, and in turn at the 3rd residue stag 
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there is correspondingly less than at the Ist residue stage. Much the 
same applies to the small amounts of Krebs’ p-amino acid oxidase found 
in the cyclophorase preparation. In this respect these two oxidases are 
ynique among the other oxidases of the cyclophorase system which are not 
extractable by indefinite amounts of washing of the gel. 


Tarte V1 
Extraction of p-Aspartic Oxidase from Kidney Cyclophorase Gel 
The results are expressed as microliters of oxvgen per 70 minutes. 


ReK 
p-Aspartic oxidase activity 158 70 
pi-Methionine activity 20) 0 


The oxygen uptakes are corrected for the blanks. Each manometer cup con- 
tained 1 ec. of kidney cyclophorase system at the 3rd (RsK) and 6th (RsK) residue 
stage respectively, 0.5 ec. of 0.1 M phosphate buffer of pH 7.3, and the additions 
as indicated above. Oxygen in gas phase; 38°. Time of experiment, 70 minutes. 


TaBLe VII 


Aerobic Amination of Oralacetate 


uM uM uM uM 
Oxalacetate (85 um) + ammonia (20 um) 15.6 6.6 11.4 | 6.6 
13.6 8.6 
As above except ammonia added at end of | 22.2 18 
experiment 


Each manometer vessel contained | ec. of R;K, 0.3 ec. of 0.01 mM adenylic acid, 0.3 
cc. of 0.1 m phosphate buffer of pH 7.2, 0.1 ce. of 0.02 m magnesium chloride, and 
0.05 cc. of 0.1 m a-ketoglutarate. Time of experiment, 80 minutes. Oxygen in 


gas phase; 38°. 

Aerobic Amination of Oxalacetate—When oxalacetate is allowed to un- 
dergo oxidation in the kidney cyclophorase system in the presence of am- 
monia and a catalytic amount of a-ketoglutarate, there is observed (1) dis- 
appearance of ammonia and (2) the appearance of a corresponding amount 
of a-amino nitrogen (cf. Table VII). Since the substance formed in this 
reaction is not glutamate, it seems reasonable to assume that D-aspartate 
is formed according to the equation 


(5) 3 Oxalacetate + NH; an aspartate + citrate + CO, 


Under the conditions of the experiment citrate will undergo further oxi- 
dation to carbon dioxide and water. As long as there is excess of oxal- 
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acetate and ammonia, aspartate will continue to accumulate. In another 
communication it will be shown that an analogous aerobic synthesis of 
glutamate ensues in the presence of excess a-ketoglutarate and ammonia. 
In this instance L-glutamate can be identified by a specific method. 

Oxidation of L-Aspartate—Many experiments have been carried out to 
determine whether or not L-aspartate can be oxidized in the cyclophorase 
system, but all have been consistently negative despite the fact that there 
is present some glutamic-aspartic transaminase which theoretically should 
permit the oxidation of L-aspartate to proceed in the presence of a-keto. 
glutarate. It must be concluded that this transaminase does not operate 
efficiently at the low levels of a-ketoglutarate which exist during the opers- 
tion of the citric acid cycle. 


EXPERIMENTAL 


Preparation of Enzyme—Rabbit kidney homogenate, prepared as de. 
scribed by Green ef al. (3), is centrifuged in the cold. The supernatant 
fluid is brought to pH 5.4 by addition of acetic acid, and the precipitate 
is removed and discarded. The supernatant fluid is neutralized to pH 
7.0 and mixed with 6 volumes of cold acetone. The precipitate is washed 
with acetone and dried in air. The enzyme can be extracted from the 
acetone powder with 10 parts water or 0.1 m phosphate buffer of pH 
7.2. The insoluble residue does not retain any of the activity. Such 
extracts are stable for an indefinite period when kept frozen at —20° 

Methods—Ammonia was estimated by microtitration after distillation 
from tungstic acid filtrates in a Markham distillation apparatus (4). Ovxal- 
acetic and pyruvic acids were estimated by the method of Straub (5), 
and a-amino nitrogen by the method of Moore and Stein (6). Glutamic 
acid was estimated by means of a specific bacterial carboxylase (7). 


This investigation was aided by a grant from the Commonwealth Fund. 
We are indebted to Mrs. Betty Noyce for her assistance with some of the 
early experiments, to Dr. Jesse Greenstein for a sample of p-glutamic acid, 
and to Dr. R. H. Burris for dried preparations of glutamic decarboxylase. 


SUMMARY 


A soluble p-aspartic oxidase has been obtained from rabbit kidney and 
liver which catalyzes the aerobic oxidation of aspartate to oxalacetate 
and NH;. Hydrogen peroxide is formed in the reaction. In cyclophoras 
preparations containing the p-aspartic oxidase, p-aspartate undergoes com: 


plete oxidation to carbon dioxide and ammonia. 
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THE UTILIZATION OF ACETATE FOR THE SYNTHESIS OF 
FATTY ACIDS, CHOLESTEROL, AND PROTOPORPHYRIN* 


By L. PONTICORVO, D. RITTENBERG, ann KONRAD BLOCHf 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, January 19, 1949) 


We have previously shown that acetic acid is used in the rat and mouse 
for the synthesis of fatty acids (1), cholesterol (2), and hemin (3). Since 
these experiments were all of relatively short duration, it was not possible 
to do more than to estimate roughly the fractions of these substances 
which were derived from acetic acid. We have, therefore, carried out 
experiments in which sodium deuterioacetate was administered to growing 
rats for a period sufficiently long to insure that the isotope concentration 
of the fatty acids, cholesterol, and hemin will have attained a maximum 
value. The data give a lower limit for the fraction of each of these com- 
pounds derived from acetic acid. For the fatty acids and cholesterol 
these fractions are 0.20 and 0.45 respectively. Approximately these values 
have been obtained by Anker (4). 


EXPERIMENTAL 


Sodium deuterioacetate was prepared by the method previously described 
3). It contained 25.0 atom per cent excess deuterium. Five rats, each 
weighing about 28 gm., were kept in separate metabolism cages and given 
weighed amounts of the following diet: 740 gm. of cerelose, 200 gm. of 
casein, 20 gm. of celluration, and 40 gm. of the Sure salts (5) (1000 gm. 
total). This diet contained 30 mg. of ether-extractable material per kilo. 

To each kilo of the above diet were added the following factors: 300 mg. 
of p-aminobenzoic acid, 1 gm. of inositol, 100 mg. of nicotinamide, 2 mg. 
of thiamine, 4 mg. of pyridoxine, 2 mg. of vitamin K, 10 mg. of calcium 
pantothenate, 4 mg. of riboflavin, and 20 mg. of a-tocopherol. 

Each rat received 1 drop of oleum percomorphum weekly. 

Sodium deuterioacetate was added to the diet at a level of 1 mm. of 
sodium deuterioacetate per 100 gm. of body weight per day throughout 
the experimental period. 

Pooled urine samples were collected and analyzed for deuterium at 
approximately 10 day intervals. 26 days after the start of the experiment 


* This work was supported by a grant from the Nutrition Foundation, Inc. 
t Present address, Department of Biochemistry, University of Chicago, Chicago, 
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the deuterium concentration in the urine attained a value of 0.035 atom 
per cent excess. For the remaining 132 days of this experiment the average 
of the deuterium concentration of the urine, determined at 10 day inter. 
vals, was 0.032 atom per cent excess. 

Rat 1 was sacrificed on the 29th day of the experiment, Rat 2 on the 
43rd day, Rat 3 on the 68th day, Rat 4 on the 102nd day, and Rat 5 op 
the 158th day. Fatty acids and cholesterol digitonide were isolated from 
the rat livers and hemin from blood by the usual procedures. On the 
156th and 157th days of the experiment 150 mg. of 8-pheny]-DL-a-amino- 
butyric acid were added to the diet of Rat 5. Phenyl]-L-acetamido. 
butyric acid was isolated from the urine. It contained 0.266 atom per 


I 
Deuterium Concentration 
Weight at : h Liver 
Rat No. beating Weight at “feeding | 
t peri Fatty acids | Cholesterol 

1 28 90 29 0.119 0.276 0.098 | 0.031 | 0.070 

2 27 148 43 0.073 0.258 0.137 | 0.027 | 0.08 

3 28 182 68 0.069 0.234 0.267 | 0.024 0.000 

4 28 198 102 0.080 0.282 0.428 | 0.031 | 0.072 
5 30 260 158 0.070 0.240 0.428 0.031; 0.081 
0.082 | 0.258 0.068 


cent deuterium excess. The isotope concentration in the acetyl group, 
therefore, was 1.33 atom per cent excess. The various experimental values 
are given in Table I. 


DISCUSSION 


As the lipide content of the diet was negligibly small, all the isolated _ 
lipides of the liver either were present in this tissue at the start of the 


experiment or had been synthesized during the experimental period. 
During the early period of the experiment the rats were growing rapidly, 
and presumably were increasing the total quantity of liver lipides. The 
turnover time for the total fatty acids being about 9 days (6), most of the 
fatty acids, in any case, must have been replaced by newly synthesized 
fatty acids. The data for the liver as well as the carcass fatty acids i 
dicate that the maximum value was attained early in the experiment#! 
period. The average isotope concentration in the liver fatty acids ws 
0.082 + 0.014 atom per cent excess, while that in the carcass fatty acid 
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was 0.068 + 0.007. These values are in fair agreement. In order to 
calculate what fraction of the liver fatty acids are derived from acetate, 
it is necessary to know the isotope concentration of the acetate available 
to the cell for synthetic purposes. We have previously shown (3) that 
dietary acetate is considerably diluted by acetate formed in the inter- 
mediary metabolism. When, as was the case in this experiment, 1 mole 
of sodium acetate is administered in the diet per day per 100 gm. of body 
weight, this acetate is diluted by a factor of 20. Since the administered 
deuterioacetate contained 25.0 atom per cent excess deuterium, the mixture 
of endogenous and exogenous acetate available for synthetic reactions must 
have been 1.25 atom per cent excess. In confirmation of this the acetyl 
group of acetylphenylaminobutyric acid excreted on the 156th and 157th 


days of the experiment contained 1.33 atom per cent excess deuterium. 


Nearly the same dilution factor is found after 156 days feeding of deuterio- 
acetate as in a 3 day experiment. The maximum isotope concentration 
which could be expected in the fatty acids, even if acetate were the sole 
precursor of the fatty acids, could be only half that of the available acetate 
(1.33 atom per cent excess) or 0.67 atom per cent excess. The reason is 
that the acetyl group CH;CO is reduced to a —CH»,CH,— group. At 
most one-half of the hydrogen atoms of the latter structure is derived 
from the acetate; the remainder comes from the water of the medium. 
The isotope concentration found in the liver fatty acids is but 0.082 atom 
per cent excess or 12 per cent of that calculated on the assumption that 
acetate is the sole precursor of the fatty acids. This value is a minimum 
one, since deuterium might have been lost in the chemical reactions which 
intervene between the acetate and the higher fatty acids. Indeed when 
we previously fed acetate labeled with C™ in the carboxyl group and D 
in the methyl group to mice (1), the C data indicated that about one- 
fourth of the fatty acids was synthesized from acetate, while the deuterium 
data yield a lower value, one-sixth. If the same reactions are involved in 
the synthesis of fatty acids in the rat as in the mouse, the same loss of 
deuterium in the course of the synthesis should occur. On this assump- 
tion, at least one-fifth of the carbon atoms of the fatty acids synthesized 
in the rat is derived from acetate. This value of necessity is too low, since 
some of the unsaturated acids are not synthesized by the rat. 

Similar considerations apply to the liver cholesterol. The value found 
for the five rats cluster about an average value of 0.258 atom per cent 
excess. Clearly in each animal the liver cholesterol has been completely 
regenerated during the experimental period. Since the oxygen of the —CO 
group of the acetate would here be replaced by the hydrogen of the body 
fluids, we would also expect that the isotope concentration in the choles- 
terol, if it were entirely formed by the condensation of acetic acid, would 


0 
t's 

a 


842 ACETATE UTILIZATION 


be about 0.6 atom per cent excess. The actual value found suggests that 
about 45 per cent of the carbon atoms of cholesterol is derived from acetic 
acid. This value is in agreement with the estimate we have previously 
made in experiments with mice. 


For both the fatty acids and cholesterol we have neglected the con. — 
tribution to their deuterium content made by the deuterium present in — 


the body fluids. During the major portion of the experimental period 
the isotope concentration in the body fluids averaged 0.032 atom per cent 


excess. Its contribution to the isotope concentration of these lipides | 
could not have been greater than 0.016 atom per cent excess (7). Graphic» 


representation of the isotope concentrations in the hemin indicates that 
it reached a maximum value at about the 100th day. At this time all the 
porphyrin originally present in the hemoglobin of the rats had been con- 
pletely replaced by newly synthesized porphyrin. The life span of the 
red cell of the rat must, therefore, be close to 100 days, a value strikingly 
similar to that found in the dog (8) and in man (9). 

Because the porphyrin rings proper do not contain carbon-bound hy- 
drogen, all the deuterium atoms must be either in the side chains or attached 


to the methine carbon bridges. Of these hydrogen atoms about one-third — 


(0.428 to 1.33) must be derived from the methyl group of acetic acid. 
It is not possible at present to make any further deductions. 


SUMMARY 


Growing rats were kept on a lipide-free diet to which was added | mm 
of sodium deuterioacetate per 100 gm. of weight per day. The isotope 
concentrations in the fatty acids and cholesterol indicate that 20 and 45 
per cent respectively of the carbon atoms of these compounds are derived 
from acetate. About one-third of the hydrogen atoms of hemin is derived 
from the hydrogen atoms of the methyl group of the acetic acid. 

The life span of the erythrocyte of the rat appears to be approximately 
100 days. 
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THE METABOLISM OF ACETONE BY SURVIVING 
RAT LIVER* 


By ERNEST BOREK anv D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, and the New York State 
Psychiatric Institute, New York) 


(Received for publication, February 7, 1949) 


Acetone has long been considered an end-product of fat metabolism. 
Attempts to ascertain whether it 1s further metabolized in the organism 
have been inconclusive (1, 2). In a search for precursors of cholesterol 
other than acetate, we have tested acetone and have found that rat liver 
slices, incubated with deuterioacetone, yield deuteriocholesterol. 


EXPERIMENTAL 


Deuterioacetone—In a typical preparation 10 cc. of acetone were added 
to a solution of 100 mg. of potassium carbonate in 25 ec. of 60.5 per cent 
D,0O. The solution was refluxed for 6 hours and was then fractionated 
through a Vigreux column. The fraction boiling at 56-57° was dried over 
anhydrous copper sulfate. Its deuterium content was 48.3 atom per cent 
excess. 

Deuterioacetate—Sodium deuterioacetate was prepared as described pre- 
viously (3). 

Incubation Experiments—The incubations were carried out as described 
previously (4). Livers from Wistar strain rats weighing close to 150 gm. 
were used throughout the experiments. A Krebs flask was charged with 
30 ec. of Krebs’ phosphate buffer, liver slices, and oxygen. The acetone 
was then introduced and the flask sealed. 

After incubation for 3 hours, cholesterol was isolated as the digitonide 
by the usual procedure, and was analyzed for its deuterium content. The 
deuterium concentration in the cholesterol was obtained by multiplying the 


deuterium concentration of the digitonide by 3. The results are given in 
Table I. 


DISCUSSION 


These experiments establish that in the rat liver a mechanism exists for 
the utilization of acetone for the biosynthesis of cholesterol. Acetone ap- 
parently is not as effective a precursor as acetate, but an absolute compari- 

* This work was supported with the aid of grants from the Nutrition Foundation, 


Inc., and from the American Cancer Society, recommended by the Committee on 
of the National Research Council. 
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son is difficult for several reasons: The relative rates of diffusion into the 
cells, the toxicities, and the stability of the carbon-deuterium bond differ 
in the two metabolites. However, it is clear that acetone can be used for 
cholesterol synthesis. 

Acetone might be utilized for the synthesis of cholesterol either by 
incorporation of the molecule in toto or after conversion to some other me- 
tabolite. ‘That acetone is, at least partially, converted to acetate is sug. 


TaBLe | 
Cholesterol Synthesis from Deuterioacetone in Rat Liver Slices 


Experiments having the same ordinal numbers were carried out with slices from 
the same livers. 


| Acetone addition Acetate addition Cholesterol 
Experiment No. 
Deuterium com. | Atom per cn 
per cent excess per cent excess | 
mg mg. 
la 158 29 .6 0 0.144 
Ib 158 29 .6 0 0.144 
IIa 158 48.3 0 0.204 
IIb 158 48.3 0 0.201 
IIIa 0 100 57.4 0.417 
IIIb 158 48.3 0 0.180 
1Va 0 50 57.4 0.702 
IVb | 94 0.0 50 57.4 0.441 
Va 47 48.3 0 0.321 
Vb 47 48.3 0 0.312 
Ve 63 48.3 126 0.0 | 0.006 
Vd 63 48.3 0.306 
Via | 47 48.3 0 | 0.165 
VIb | 51 48.3 32t 0.0 — 0.042 
Vic | 55 48.3 | 63t 0.0 | 0.030 
63 48.3 | 128f 0.0 | 0.024 


* Isotonic saline containing 90 mg. of NaCl was added. 
+ Sufficient water was added to make the sodium acetate isotonic. 


gested by the diminished incorporation of deuterium into cholesterol when 
normal acetate is added to the system together with deuterioacetone (Table 
I). Investigations now in progress in this laboratory demonstrate the con: — 
version of acetone to acetate: When labeled acetone is administered to — 
rats together with a-amino-y-phenylbutyric acid, the acetylamino acid &- 
creted is labeled.!. On the other hand a direct incorporation of the entire 
acetone carbon chain is not excluded. That the lowering of the isotop 
concentration in the cholesterol when deuterioacetone and normal acetate 


' Unpublished data of D. Price. 
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are incubated is a specific effect of acetate and not of the sodium ion is 
evidenced by the absence of an inhibition of the synthesis of deuterio- 
cholesterol after addition of sodium chloride (see Experiment Vd). 


SUMMARY 


1. Deuteriocholestero! is formed on incubating surviving rat liver slices 
with deuterioacetone, establishing that this tissue can metabolize acetone. 
2. At least part of the acetone is oxidized to acetate. 


We are indebted to Miss Laura Ponticorvo for her able assistance during 
the course of this work. 
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METABOLISM OF L-ASPARTIC ACID* 


By HSIEN WU ano D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, February 7, 1949) 


Aspartic acid, like glutamic acid, occupies a central position in amino 
acid metabolism. In most tissues it takes part in the transamination 
reaction (1). In the liver and the kidney, where all amino acids undergo 
deamination, the rate of this process for aspartic acid is second only to 
glutamic acid (2). For these reasons, one would expect the exchange of 
amino nitrogen of aspartic acid with the nitrogen of the metabolic pool 
to be more rapid than in the case of other amino acids. This is indeed 
true, as the present experiment with isotopic L-aspartic acid shows. 


EXPERIMENTAL 


Preparation of 1.-Aspartic Acid Containing acid con- 
taining N'® was prepared by the action of Escherichia coli on fumarie acid 
and ammonia containing N"*. Quastel and Woolf (3) have shown that 
E. coli catalyzes the reversible reaction, fumarate + NH; = tL-aspartic 
acid. 

E. coli was grown on 2 per cent agar in ten Roux bottles. The agar 
medium contained 2 per cent of Pacto-tryptone and 0.5 per cent each of 
glucose, sodium chloride, and concentrated yeast extract. The 2 day 
culture of E. coli was separated from the agar by gentle rocking with 
normal saline, filtered through gauze, centrifuged, washed, and made up 
to 200 ml. with normal saline. 

15 gm. of fumarie acid were suspended in water, neutralized with sodium 
hydroxide, and the solution made up to 130 ml. 4 gm. of ammonium 
chloride, containing 31.8 atom per cent excess of N"5, were added, followed 
by 100 ml. of Clark and Lubs 0.05 m phosphate buffer at pH 7.4, 25 ml. 
of E. coli suspension, and 20 ml. of toluene. The mixture was placed in 
a suction flask, which was evacuated and filled with nitrogen. The flask 
was placed in an incubator at 37°. The ammonia content of the mixture 
fell in 24 hours to 19.2 per cent and in 48 hours to 18 per cent of the original. 
Apparently, an equilibrium between fumaric acid and ammonia on the one 


hand and aspartic acid on the other was reached in 2 days under the con- 
ditions of the experiment. 


*This work was supported in part by a grant from the American Cancer Society, 
recommended by the Committee on Growth of the National Research Council. 
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After 2 days the mixture was boiled, centrifuged, and the precipitate 
washed with hot water. 60 ml. of saturated copper sulfate solution wer 
added and the mixture was placed in an ice box overnight. The copper 
aspartate crystals were washed with a little cold water, suspended in 609 


mil. of hot water, and decomposed with hydrogen sulfide. The filtrate — 


was evaporated to about 150 ml. and 2 volumes of 95 per cent alcohol wer — 


added. After standing overnight, the aspartic acid crystals were filtered 
off, washed with alcohol, and finally with ether. Yield, 6 gm. 
The nitrogen of the aspartic acid thus prepared contained 31.3 atom per 


cent excess N" corresponding to an atomic weight of 14.32. The theo | 


retical nitrogen content of this aspartic acid (mol. wt. 133.4) is 10.72 per 
cent; found, 10.86 per cent. 
Rat Feeding—Three male rats weighing between 240 and 290 gm. each 


were placed on a stock diet containing starch 71, casein 15, yeast 5, Os | 


borne-Mendel salt mixture 4 (4), Wesson oil 3, and cod liver oil 2 per cent. 
After 3 days, 0.3 gm. of isotopic aspartic acid and 0.2 gm. of sodium }i- 
carbonate were given to each rat daily for 3 days. The aspartic acid and 
bicarbonate were mixed with 8 to 12 gm. of the stock diet, which was made 
into a dough with a little water. 


The food was all eaten by the rats. Feces and urine were collected 


daily. The combined weights of the rats were 786 gm. before, and 739 
gm. after the isotopic feeding. 

Preparation of Material for Analysis—24 hours after the last isotopic 
feeding, the rats were killed by exsanguination under ether anesthesia 
Blood was removed from the heart, some saline being used for washing, 
and mixed with some oxalate. Stomach and intestines were removed 
and washed free from their contents. Other internal organs, liver, spleen, 
kidney, testes, lungs, etc., were removed and treated together. The 
bodies were skinned, leaving the muscles and bones and brain as car- 
cass. The four fractions, namely stomach-intestine, other internal or- 
gans, skin, and carcass, were worked up separately. 


Blood—The blood with saline washing was centrifuged. Part of the 


cells was used for the preparation of hemin. The cells were laked with 
water and mixed in a Waring blendor, centrifuged, and dropped slowly into 
3 volumes of glacial acetic acid at 97° containing some sodium chloride. 
The mixture was heated on a water bath for an hour. The hemin crystals 
were separated by centrifuging, washed twice with 50 per cent acetic 
acid, twice with water, twice with 95 per cent alcohol, and once with ether. 
The N*® concentration of hemin was determined. 

The plasma, containing some saline, was treated with 3 volumes of water 
and 2 volumes of 10 per cent trichloroacetic acid. The protein precip 
itate was filtered off and washed with 5 per cent trichloroacetic acid. 
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The total nitrogen and the N*® content of the cells, the plasma protein 
precipitate, and the plasma filtrate were determined in the usual manner. 
The results are shown in Table I. 

Tissues—Stomach-intestine, internal organs, and carcass were sepa- 
rately ground in a meat grinder and homogenized in a Waring blendor. 
skin was cut into small pieces with seissors. Each group of tissues was 
treated with 6 volumes of 95 per cent alcohol. After 3 days, the mixture 
was filtered on a Biichner funnel and the tissue suspended again in a 


fresh portion of alcohol. After three changes of alcohol, the tissues were 


treated similarly twice with ether. The defatted tissues were dried in 
air and used for isolation and analysis, as described below. 

The combined alcohol and ether extracts were concentrated in vacuo 
until most of the alcohol had been removed. The residue was taken 


TABLE 
Distribution of Isotopes in Blood 


concentration Total nitrogen | Total 
alom per ceni excess | 
Plasma non-protein N............. | 0.830 | 0.57 | 0.005 
Red cells, protein..................| 0.086 | 46.4 0.040 
 hemin.. 0.038 


up in chloroform plus water and the mixture was shaken and then allowed 
to separate. The total nitrogen and N® concentration of the two layers 
were determined separately. The nitrogen in the aqueous layer was taken 
as non-protein nitrogen, while that in the chloroform layer was taken as 
lipoid nitrogen. 

From the aqueous layer, some colorless crystals deposited on standing. 
These were identified as creatine hydrate by crystalline form and nitrogen 
content (28.0 per cent). The substance was recrystallized from water 
with the addition of alcohol and used for N® determination. 

Stomach-Intestine—The entire stomach-intestine preparation was used 
for the extraction of nucleic acid by the method of Hammarsten (5). 
The yield was about 90 mg. from 5 gm. of dried tissue. It was analyzed 
for N“. Part of the nucleic acid was hydrolyzed and the purine precip- 
itated by the method of Graff and Maculla (6). The precipitate and 
the filtrate, which should contain the pyrimidines, were analyzed for 
total nitrogen and N*. From 21.2 mg. of nucleic acid, 1.79 mg. of ni- 
trogen in purine precipitate and 1.17 mg. of nitrogen in purine filtrate 
(total 2.96 mg. of nitrogen) were obtained. The ratio of purine nitrogen 
0 pyrimidine nitrogen is about 3:2, but the total nitrogen (14 per cent) 
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is lower than that (18.5 per cent) calculated for desoxyribonucleic gejq 
NisPsO2s). 

The protein remaining after the extraction of nucleic acid was washed 
with hot 5 per cent trichloroacetic acid until free from sulfate and ammonia 
The washed residue was dried and used for nitrogen and N determinations 

Internal Organs, Carcass, and Skin—The dried tissues were hydrolyzed 
with hydrochloric acid in the usual manner and the nitrogen and N* 
contents determined. The hydrolysates were treated with cuprous oxide 
according to the suggestion of Bailey et al. (7). 


Tyrosine crystals separated from all the hydrolysates and were filtered | 


off and recrystallized. From the filtrates of internal organs and carcass, 
aspartic acid and glutamic acid were precipitated as barium salts.  Aspar- 
tic acid was isolated as copper salt and the glutamic acid as hydrochloride 


4 
a 


in the usual manner. Lysine was isolated from the carcass hydrolysate — 


as benzoyllysine by the method of Kurtz (8). Arginine was isolated 


from the internal organs and skin as monoflavianate. This was decom. | 


posed with concentrated hydrochloric acid, the liberated flavianic acid was 
filtered off, and the filtrate was diluted with water, boiled with norit to 
remove the last trace of flavianic acid. ‘The filtrate was evaporated to 
dryness in vacuo. The residue was taken up in alcohol and an excess of 
pyridine added. Arginine monochloride crystallized on standing. This 
was recrystallized by dissolving in a little water and adding alcohol tos 
concentration of 80 per cent. 

The amidine and ornithine nitrogen in arginine were determined sepa- 
rately by the method of Barnes and Schoenheimer (9). Arginine mono 
chloride (17.3 mg.) from the internal organs was dissolved in a baryta 
solution (containing 5 gm. of Ba(OH),.-8H,O in 30 m. of water), boiled 
gently under a reflux, and the liberated ammonia blown by a stream d 
nitrogen into a known amount of standard acid. After 21 hours, the 
acid solution was titrated and the N* determined. ‘The baryta solution 
was treated with an excess of sulfuric acid, filtered, washed, and the filtrate 
analyzed for total nitrogen and N"*. The result of nitrogen determins- 
tions was as follows: amidine nitrogen 2.20 mg. and ornithine nitrogen 
2.36 mg. (total nitrogen 4.56), which amounts to 26.3 per cent; theoretical, 
26.8 per cent. The experiment with skin arginine gave similar results. 


A nucleic acid extract of the internal organs was prepared by Schneider's — 
method (10) and analyzed for N*. The hydrolysate of the carcass wai — 


analyzed for amide nitrogen. 

The results of N" analysis of the tissue components are shown i 
Table II. 

Urine and Feces-—The combined feces were ground, digested with con- 
centrated sulfuric acid, and made up to 200 ml. Aliquot portions wert 
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taken for total nitrogen and N® determinations. About nine-tenths of 
the combined urine plus washing was used for the isolation of allantoin 
by the method of Shaffer and Greenbaum (11). The allantoin was re- 
erystallized from hot water and analyzed for N". 


Il 
Distribution of Isotopes in Organ Components; Concentration in Atom Per Cent Excess 


Whole Stomach- | Internal ) 


bod, intestine organs Carcass Skin 
Non-protein N. 0.359 
Lipoid N 0.134 
Protein N 0.541* 0.379 | 0.121 | 0.109 
Amide N | 
Creatine. 3 0.062 | 
Tyrosine 0.155 0.044 0.034 
Aspartic acid 0.618 0.175 
Glutamic * 0.753 0.258 
Lysine..... 0.008 
Arginine 
Amidine 0.595 0.072 
Ornithine 0.480 0.085 
Nucleic acid (Schneider) 0.226 | 
“ ‘* (Hammarsten). 0.785 
| 0 | | | 
* Exclusive of nucleic acid. 
Distribution of Isotopes in Excreta 
concentration Total N Total N™ 
atom per cent excess: | meq. 
Feces Sol 0.440 22.4 0.10 
Urea....... 2.13 111.4 
Ammonia... 1.25 2.5 
Allantoin.. ....... | 0.275 


With the remainder of the urine, total nitrogen, urea nitrogen, am- 
monia nitrogen, and the corresponding N"™ contents were determined. 
The results are shown in Table III. 


DISCUSSION 


Recovery of Isotope—During the feeding period the rats consumed 2700 
mg. of aspartic acid containing 6.34 m.eq. of N*. About 90 per cent of 
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the isotope was accounted for in the fractions analyzed (Table IV). The 
remaining 10 per cent must be lost in the gastrointestinal content which 
was washed away. 

It will be noted that 43.4 per cent of the isotope was excreted and 45.5 
per cent retained in the animal body. Of this 45.5 per cent, 39.4 per 
cent was in the proteins, while only 6.1 per cent was in non-protein and 
lipoid constituents. 

Urinary Ammonia and Urea—The relative concentrations of N® jp 
urinary ammonia and urea after feeding an isotopic nitrogenous substance 
depend not only upon the nature of the substance but also upon the rate 
of feeding and the interval of time during which the urine is collected, 


Tasie IV 
Distribution of Isotopes in Excreta and Animal Body 


| Total N» in fraction | Per cent recovery 
2.76 43.4 
0.04 0.6} 45.5 
| 2.50 39.4 
| 0.047 | | 
Stomach-intestine ................ | 0.292 | ) 
Internal organs...... | 0.378 | 
| 1.200 | | 
Total recovery................ | : 5.75 | 90.5 
Unaccounted for............... | 0.60 | 9.5 


After a single feeding of an isotopic amino acid with N™ in the a-amino 
group, there is a period when its concentration in blood is greater than that 
in the tissues because it must enter the blood before it can reach the tissues. 
Since urinary ammonia can be formed in the kidney directly from amino 
acid brought to it by the blood, the rate of this ammonia formation must 
depend upon the concentration of the amino acid in the blood. Urea 
formation, on the contrary, will depend upon the concentration of the 
amino acid in the liver. If this view is correct, the isotope concentra- 
tion of the ammonia formed shortly after feeding should be greater than 
that of the urea; the ratio, N concentration in NH; to N™ concentration 
in urea, should be high. This is shown by human experiments’ in which 


! To be reported in a later paper. 
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urine samples were collected at short intervals after a single feeding of 
aspartic acid. 

As more and more of the isotopic amino acid enters the liver and other 
tissues, two chief reactions can occur: (1) transamination and (2) oxi- 
dative deamination and subsequent urea formation. The isotopic amino 
acid formed by transamination and the original amino acid fed pass back 
and forth between the body proteins and the metabolic pool as equilib- 
rium conditions may require. In the liver, both original and trans- 
aminated isotopic amino acids can yield their nitrogen for urea formation. 
In the kidneys, both can form ammonia. The ratio, N™ concentration 
in NH; to N® concentration in urea, in the urine collected 3 to 12 hours 
after a single feeding will depend primarily upon the relative rates of the 
redistribution of the amino group of the fed amino acid among the other 
amino acids and of urea formation. Under uniform conditions, this ratio 
should be characteristic of the amino acid fed. 

With continuous feeding, as in the present experiment with rats, the 
total isotopic substance enters the blood in smaller amounts over a longer 
period of time than in the case of single feeding. Consequently, ammonia 
formation in the kidneys from the isotopic amino acid fed will be sustained, 
and the ratio, N“* concentration in NH; to N* concentration in urea, for 
the total urine over the entire feeding period will be higher than in the 
ease of single feeding. 

When the isotopic substance is mixed with food to which the rats have 
constant access, difference in habit of feeding may conceivably cause some 
variations in the ratio, N“ concentration in NH; to N® concentration 
in urea, in different experiments. Nevertheless, the results obtained un- 
der uniform conditions should be comparable. 

The ratio, N“* concentration in NH; to N™ concentration in urea, for 
aspartic acid in the present experiment is 0.59. Previous experiments 
with other natural amino acids with N® in the a-amino group have given 
values of 1.60 for L-leucine (12), 1.08 for L-lysine (13), and 0.96 to 1.2 for 
glycine (14, 15). For racemic amino acids, the values are much higher 
(16,17). For ammonium citrate, the ratio of 0.38 has been reported (18). 

As a source of urinary ammonia and urea, L-aspartic acid behaves like 
ammonia and unlike other natural amino acids so far studied in this labora- 
tory. This finding suggests that the amino group of L-aspartic acid is 
more rapidly removed to form urea than its deamination to form am- 
monia in the kidneys, either directly or through glutamine (19). 

Whether the amino group is actually first deaminated to give ammonia 
which then forms urea, or whether it gives rise directly to urea, it is im- 
possible to decide at present. It is interesting to note in this connection 
that a mechanism exists for the direct formation of urea from aspartic acid. 
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Ratner (20) has prepared a soluble enzyme system from beef liver which 
catalyzes the formation of arginine from citrulline, aspartic acid, and 
L-phosphoglyceric acid. If this is an important mechanism for the forma. 
tion of urea in the intact rat, a high isotope concentration in the ureg 
relative to the ammonia might be expected. 

Distribution of Isotope in Proteins—The general pattern of distribution 
of N* in various organ proteins after feeding isotopic aspartic acid js 
about the same as after feeding with other amino acids (see Table IV), 
These concentrations reflect the rate of turnover of the proteins of the 
various organs. 

Distribution of Isotope in Protein Components—-As in previous experi- 
ments in this laboratory with labeled amino acids, the N* concentra- 
tion in any component follows the same order as the N* concentration 
in the total protein of various organs. Thus, the N"™ concentrations of 
tyrosine isolated from internal organs, carcass, and skin are 0.155, 0.044, 
and 0.034 atom per cent excess respectively, while the corresponding con- 
centrations for the total proteins are 0.379, 0.121, and 0.109 respectively. 

In previous experiments in this laboratory, the protein component that 
had the highest N"“ concentration was the amino acid fed. Glutamic 
acid usually came next, followed by aspartic acid. In the present ex- 
periment glutamic acid had the highest concentration of N", although 
aspartic acid was the amino acid fed. This is similar to the finding after 
feeding isotopic ammonia (21, 22) and is in harmony with the hypothesis 
that the amino group of aspartic acid behaves like ammonia. 

The high N"™ content of amidine nitrogen of arginine from intemal 
organs is to be expected in view of the part arginine plays in the urea forma- 
tion in the liver. Whereas in the internal organs, which include the liver, 
the amidine nitrogen had a higher N* concentration than the total pro 
tein, this is not true for the skin, which is not a site of urea formation. 

The negligible N“ content of lysine is to be expected, as this amino acid, 


considered as an essential amino acid in nutrition, cannot be synthesized 


in the body. 


The high concentration of N"® in nucleic acid of stomach-intestine 


suggests that it has a high rate of turnover. This is noteworthy, especially 


| 


as the N'* concentration of nucleic acid of stomach-intestine is higher | 


than that of the total protein, while in the other internal organs the 
reverse is the case. This point, however, requires further investigation. 

The nucleic acid of internal organs has about the same N" concentrs 
tion as the allantoin in the urine. This is to be expected, as the allantoin 
is derived from the purines. 

The low N* contents of creatine and hemin found in the present & 
periment are in general agreement with previous findings (23, 24) afte 
feeding ammonia or other amino acids. 
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SUMMARY 


1. t-Aspartic acid was synthesized from fumaric acid and ammonia 
containing N* in the presence of Escherichia coli. 

2. The isotopic aspartic acid was added to the stock diet of three rats 
for 3 days. Only 1.6 per cent of the N™ was excreted in the feces and 
43.4 per cent in the urine, and 45.5 per cent was retained in the body. 

3. The concentration of N™ was the highest in the plasma proteins, and 
least in the red cell protein, with stomach-intestine, internal organs, 
carcass, and skin occupying the intermediate positions. 

4. The N™ content of urinary ammonia was lower than that of urea. 

5. The N" concentration of aspartic acid was lower than that of glutamic 
acid isolated from the same organs. 

6. These last two findings together suggest that aspartic acid is so 
rapidly deaminated that its amino group behaves metabolically like am- 
monia. 


We are indebted to Mr. I. Sucher for the N“ determinations, to Miss 
Laura Ponticorvo and Miss Martha Masako Yamasaki for technical 
assistance, and to Dr. D. Shemin and Dr. G. L. Foster for their kindly 
interest and helpful suggestions. 


BIBLIOGRAPHY 


1. Braunstein, A. E., and Kritzmann, M. G., Biokhimiya, U.S. 5. R., 3, 590 (1938); 
Biokhimiya, 2, 242 (1937); Nature, 140, 503 (1937); Enzymologia, 2, 129 (1937). 
Cohen, P. P., Biochem. J., 38, 1478 (1939); J. Biol. Chem., 136, 565 (1940). 

2. Krebs, H. A., Z. physiol. Chem., 217, 191 (1933); Klin. Wochschr., 11, 1744 (1932). 

3. Quastel, J. H., and Woolf, B., Biochem. J., 20, 545 (1926). 

4. Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 15, 311 (1913). 

5. Hammarsten, F., Acta med. Scand., suppl. 196, 634 (1947). 

§. Graff, S., and Maculla, A., J. Biol. Chem., 110, 71 (1935). 

7. Bailey, K., Chibnall, A. C., Rees, M. W., and William, E. F., Biochem. J., 37, 
360 (1943). 

§. Kurtz, A. C., J. Biol. Chem., 140, 705 (1941). 

9. Barnes, F. W., Jr., and Schoenheimer, R., J. Biol. Chem., 161, 123 (1943). 

10. Schneider, W. C., J. Biol. Chem., 161, 293 (1945). 

ll. Shaffer, C. F., and Greenbaum, F. R., J. Lab. and Clin. Med., 26, 1206 (1940). 

12. Schoenheimer, R., Ratner, S., and Rittenberg, D., J. Biol. Chem., 130, 703 (1939). 

13. Weissman, N., and Schoenheimer, R., J. Biol. Chem., 140, 779 (1941). 

4. Ratner, S., Rittenberg, D., Keston, A. 8., and Schoenheimer, R., J. Biol. Chem., 
134, 665 (1940). 

lj. Shemin, D., and Rittenberg, D., J. Biol. Chem., 163, 401 (1944). 

16. Schoenheimer, R., Ratner, S., and Rittenberg, D., J. Biol. Chem., 127, 333 (1939). 

I7. Stetten, D., Jr., J. Biol. Chem., 144, 501 (1942). 

I$. Schoenheimer, R., The dynamic state of body constituents, Cambridge, 51 
(1946). 

19. Van Slyke, D. D., Phillips, R. A., Hamilton, P. B., Archibald, R. M., Futcher, 
P.H., and Hiller, A., J. Biol. Chem., 160, 481 (1943). 


METABOLISM OF L-ASPARTIC ACID 


. Ratner, 8., J. Biol. Chem., 170, 761 (1947). 
. Foster, G. L., Schoenheimer, R., and Rittenberg, D., J. Biol. Chem., 127, 319 


(1939). 


. Rittenberg, D., Schoenheimer, R., and Keston, A. 8., J. Biol. Chem., 128, 


(1939). 


. Foster, G. L., Schoenheimer, R., and Rittenberg, D., J. Biol. Chem., 127, 319 


(1939). 


. Schoenheimer, R., Ratner, 8., Rittenberg, D., and Heidelberger, M., J. Biol. 


Chem., 144, 541 (1942). 


856 
| 
21 | 
_ 
2 
| 


al. 


ELECTRON MICROSCOPY OF FIBRINOGEN AND FIBRIN 
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it has been demonstrated through electron microscopy and x-ray diffrac- 
tion that there are present, in certain protein fibrils, structural perio- 
dicities having dimensions up to several hundred angstrom units. Ex- 
amples are collagen (1-3), paramyosin (4, 5), the trichocysts of Paramecium 
‘6, 7), and fibrin (8). The application of phosphotungstic acid (4) and 
other heavy metal compounds greatly enhances the visibility of the struc- 
tures in electron micrographs and often makes structural variations ap- 
parent which are not perceptible in the unstained fibrils. It has not been 
established definitely whether staining involves a selective chemical re- 
action. However, since metal shadowing reveals in most cases that the 
fibril surface is corrugated with the high points corresponding to the highly 
staining region, it seems probable that stain deposits according to the 
local concentration of protein. The regions which stain more lightly, 
appearing as slight depressions on shadow-casting, probably represent por- 
tions which have shrunk during drying. Little, if anything, is known 
concerning the genesis of these macro periods or the reason for their occur- 
rence in protein fibers. The investigation to be described was aimed at a 


clarification of these phenomena and is confined to fibrin and the pre- 
cursor, fibrinogen. 


Microscope Techniques 


All micrographs were made with an RCA type B microscope which has 
a self-biased gun, compensated lens (9), no physical objective aperture, 
and is operated at 65,000 volts accelerating potential. Although space 
does not permit a discussion of the physical aspects of electron microscopy, 
it is pertinent to note that concurrent studies were made of the structure 
of specimen supports, the structure of metals used for shadow-casting 
(10), afoeal imaging phenomena, and the effects of lens asymmetries on 
the unage. If, for example, the objective lens is astigmatic, images may 
exhibit spurious asymmetries, giving the false impression of fibrosity in 
the object. As an aid to interpretation and the recognition of possible 
image defects, through focus series were recorded. Uranium, platinum, 
und nickel have a suitably fine structure for shadow-casting when deposited 
in thin enough layers. Uranium gives excellent results in estimated thick- 
nesses of 3 to 6 A in the plane of the film. Nickel has a remarkably fine 
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structure (11, 12) and is useful in thicknesses of less than 10 A. Shadow 
angles were 3:1 or 4:1. 


Observations on Fibrin 


Specimens of bovine fibrin for electron microscopy were prepared in the 
following manner: Bovine Fraction I (Armour) and thrombin (Seegers: 
640 units per mg.) were dissolved separately in 0.9 per cent NaCl bufferg 
to about pH 6.5 with KH,PO, buffer solution. Concentrations of Frag. 
tion I (including citrate) in solution varied from 0.5 to 2 mg. per cc., while 
concentrations of thrombin were of the order of 10 units per cc. Portions 
of the two solutions, frequently of the order of 1:1, were thoroughly mixed 
in a test-tube and a drop was placed immediately on a standard specimen 
screen with collodion or SiO supporting film. The development of the clo: 
in the test-tube can be followed by eye. After varying times (30 seconds 
and up) according to the experiment, the excess solution was washed from 
the specimen screen with salt solution, stained with phospho-12-tungstic 


acid, washed with twice distilled water, and dried. The concentration o — 
phospho-12-tungstic acid (Anachemia, Ltd., Montreal) was usually 0.1 per 


cent and sometimes 1 per cent. Usually it was unbuffered, but in some 
experiments the pH was raised to about 5.4 with potassium acid phthalate 
buffer. In one experiment, sodium citrate buffer was used (pH 6.5) and. 
in others, the clot was formed in unbuffered 1 per cent NaCl, pH 5.8. 

The electron microscope observations of stained fibrils from bovine fibrin 
clots confirm the observations of Hawn and Porter (8) on the existence and 
approximate dimensions of the axial macro period. Measurements of over 
200 fibrils from several preparations yield an average of 227 A. All meas- 
urements in the group were between 190 and 270 A with over 80 per cent 
in the range 210 to 240 A. The spacings along individual fibrils are re- 
markably constant (to the order of 2 or 3 per cent) compared to variation: 
between separate fibrils. Variations as high as 20 per cent of the mean 
were observed between fibrils in a single specimen. No explanation can be 
given for the variation from one fibril to another or for the sometimes sig- 
nificant variations in average spacing from one preparation to another. 
Since the fibrils were formed on the specimen screen, tensions due to manip 
ulation were kept to a minimum. Tensions caused by drying might bes 
factor, but since the fibrils were well supported and the supporting film 
did not break, it does not seem likely that random variations of the order 
of 20 per cent could be accounted for in this way. It is clear, however, 
that the structure is not rigid. 


1The author is indebted to Dr. Walter H. Seegers, Wayne University, Michiga 
for the sample of thrombin used in this work. 
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As shown in Fig. 1, the axial macro period consists of a series of highly 
staining and sharply delimited bands, designated A, which are about 70 A 
wide and are separated by a region of lower scattering power about 160 A 
wide. In addition to the structure previously reported, there is a finer 
stained band (designated as B in Fig. 1), about 30 A wide, mid-way between 
the prominent bands. 

Fibrin fibrils clotted from a sample of highly purified human fibrinogen? 
(Fig. 2) show a stained structure which is indistinguishable from that ob- 
served in fibrin from bovine Fraction I. The average axial spacing from 
anumber of plates was 214 A, which is in the range of values found for the 
bovine material. 

When the image quality is favorable, substructure is visible within the 
stained bands, giving the fibrils, ultimately, a particulate appearance which 
may be discernible in the micrograph in Fig. 2. The particles are of the 
order of 50 A and less in diameter and are not well resolved. In such 
preparations there is always a background of finer fibrin fibrils of indistinct 
structure approaching in dimensions the resolution limit (or to be more 
precise, the visibility limit) of the microscope. These finer fibrils are about 
200 A and less in diameter and do not possess the characteristic striated 
appearance. Similarly, the striation gradually dissolves into a more or 
less randomly particulate structure toward tapered ends where the width 
is about 200 A and less. It is concluded that the absence of well defined 
striations under these circumstances is not due to a lack of resolution, but 
represents an actual disorder in the structure. The effect may be seen in 
Fig. 2 where the fibril parted from the bundle toward the lower right is 
not clearly striated. Local regions of stain concentration are visible which 
tend to form a vague striation in a few places, but the structure is dis- 
ordered compared to that in the thick bundle. The sharpness of the stained 
bands increases noticeably with fibril width. Also apparent in Fig. 2 is 
the tendency of striations to align between adjacent fibrils in a bundle, as 
was noted by Hawn and Porter (8). Throughout the present investiga- 
tion, this coincidence was observed with such high frequency and with 
such high precision that it is deemed significant. The effect seems to indi- 
cate the presence, at some stage during fiber formation, of lateral attrac- 
tive forces which are at an optimum when there is lateral coincidence of 
like bands. 

Some specimens containing well formed fibrils such as those shown in 
Figs. 1 and 2 were shadow-cast. The observations show that the stained 
regions, both A and B bands, represent slight elevations. 


*The sample, kindly provided by Dr. J. T. Edsall of the Harvard Medical School, 
wasfrom Run 183, Fraction I-2A and was 94 per cent clottable when prepared in 1945. 
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Observations on Fibrinogen 

Specimens from bovine Fraction I and human fibrinogen were prepared 
by placing a drop of the material in 1 per cent NaCl on a collodion or §j0 
film and drawing off the excess by touching a piece of filter paper to the 
edge of the screen. In some experiments, a fixative such as formalin or 
phosphotungstic acid was applied before drying and, in others, the speci- 
men was allowed to dry without fixation. In any case, the final treatment 
was a wash in twice distilled water to remove salt and citrate, after which 
the specimens were shadow-cast along with control films. The variations 


in these procedures seemed not to produce any marked differences in the | 
observed structure of the protein layer adhering to the film. The concen. — 


tration of the sample was varied over a wide range, from about 2 mg. per 
ec. down to about 0.001 mg. per cc. The original intention was to secure 
a distribution of isolated particles over the surface of the film, but diff. 
culty was encountered in securing this condition, because the protein tend: 
to deposit in clumps. Also, the necessary dilution factor is so great that 
the effect of impurities in reagents and water becomes a consideration. 


Furthermore, although the film structure is relatively fine, it does compli- — 


cate the interpretation. Consequently, specimens made with very high 
dilution factors were not such as to invite confidence. On the other hand, 
specimens made from concentrations which resulted in a covered supporting 
film leave something to be desired, because the fibrinogen particles are 
intermingled. With the latter condition, however, it can be concluded with 
some confidence that the observed structure is mainly due to the protein 
deposited from the original sample and the problem is to resolve the ele. 
ments from the mass. 

In the shadowing procedure, control films were placed beside the fibrino- 


gen preparations. Fig. 3 shows a small, typical portion of an electron — 


micrograph made from bovine Fraction I. There is a rather confusing 
aggregation of particles among which numerous filamentous elements may 
be distinguished. In Fig. 4 are shown micrographs of a collodion contra 
film (a) which had been washed with twice distilled water and a micro 
graph of a specimen made from the sample of human fibrinogen (b). The 
control film exhibits a structure which is about the coarsest of any recorded, 


~ 


yet there is no mistaking the difference between it and the fibrinogen sam — 
ple. The fibrinogen completely covers the film and although it consists — 


of a somewhat confusing aggregation, it may be seen to contain filamentow — 


elements similar to those from the bovine Fraction I shown in Fig. 3. 

In Fig. 5, b is shown a thick layer from bovine Fraction I shadowed very 
lightly with nickel in order to present the fine detail within the filament 
to better advantage than is the case in either Figs. 3 or 4. Filamentou 
elements may be distinguished, but they are seen to be non-uniform & 
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thickness, appearing somewhat like a string of beads. This type of struc- 
ture is characteristic of high resolution micrographs of fibrinogen prepara- 
tions when they have been shadowed with a suitably thin layer of metal. 
It is concluded that the nodose structure of fibrinogen filaments as indi- 
cated in the electron micrographs is significant. 

Measurements were made of filaments which could be discerned in micro- 
graphs similar to those shown. The lengths varied from 200 to 1100 A 
with 85 per cent between 300 and 800 A. The average was about 600 A. 
Widths, which cannot be determined with high accuracy, are estimated to 
be in the range 30 to 40 A across the wider portions. The observations 
demonstrate the presence in fibrinogen preparations of asymmetric elements 
in accordance with the conclusions reached from physicochemical methods, 
and the estimated widths are not significantly different from what would 
be expected from experiments on double refraction of flow (13). The cor- 
relation is unsatisfactory, however, to the extent that the electron micro- 
scope observations fail to indicate a unique length, even though there are 
distinguishable many filaments with lengths very close to the 700 A pre- 
dicted. (The filaments which are marked in Figs. 3, 4, and 5 are close to 
700 A in length.) In view of the difficulty of identifying continuous fila- 
ments and locating their ends in electron micrographs, the fault lies quite 
possibly, but not necessarily, with the electron microscope observations. 
It would be desirable to improve the electron microscope technique so that 
a fair sample of isolated, identifiable elements could be measured with 
certainty before concluding that the two methods are inconsistent. In any 
event, there is no unequivocal relation between the lengths of fibrinogen 
filaments as determined by either method and the dimensions of the macro 
period as seen with the electron microscope. 


Formation of Fibrin 


The absence of correlation between lengths of the precursor particles and 
the magnitude of the striations in fibrin fibrils indicates that fiber forma- 
tion is not simply a matter of assembling semirigid units in the manner 
of crystal growth as would be suggested by the extreme regularity of the 
final structure. Some attention was therefore given to a study of fibers 
during formation through the use of short clotting times and decreasing 
amounts of thrombin, with a view to obtaining evidence concerning the 
manner in which fibrinogen filaments associate. It has been noted that 
with the ultimate resolution stained fibrin appears particulate and the 
stained bands appear to represent regions where there is a relatively high 
concentration of stained particles. It is not likely that the particles rep- 
resent elementary units. They are probably aggregates of smaller, un- 
resolved elements. ‘This appearance is consistent with the particulate 
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structure observed in fibrinogen filaments as shown in Fig. 5. When the 
thrombin concentration was decreased so that the clot formed very slowly, 
most of the fibrils showed a randomly particulate structure and little if any 
evidence of striations. Often, a fibril would be striated in some portions 
and unstriated in others. In the transition regions, the impression is gained 
that the occurrence of striations results from local concentrations of par- 
ticles which are visible, but randomly disposed, in the unstriated portions, 
Although there is no marked longitudinal structure in such stained fibrils, 
shadow-casting reveals longitudinal filaments, indicating that formation of 
fibrin involves mostly lateral association of fibrinogen filaments. The ob- 
servations suggest that in the clotting process the fibrinogen filaments asso- 
ciate laterally, after which there is a readjustment of the constituents pro. 
ducing variations of protein concentration along the fiber axis. The regions 
of higher concentration appear relatively dense after staining or as eleva. 
tions when the dried material is shadow-cast. 

It is to be noted that fibrils sometimes formed in solutions as they stood 
without any thrombin being added (some thrombin may be present as 4 
trace in the fibrinogen material), but such fibrils have not been observed 
to be striated. Similarly, fibrils formed with very low thrombin concen. 
tration were mostly unstriated. 


DISCUSSION 


No satisfactory theory has yet been developed to account for macro 
periods of the sort described. It has been proposed by Astbury (14, 15) 
that the large periods are directly related to the much smaller dimensions 
of polypeptide chains as determined by x-ray analysis. According to this 
proposal, the macro periods represent the extent along the fiber axis of a 
single chain molecule in specific configuration. The long spacings should 
therefore be an integral multiple of certain of the short spacings. Some o 
the defects of the theory from the x-ray standpoint have been discussed by 
Bear (2). A serious difficulty arises from the fact that experimentally the 


short spacings are singularly unaffected by changes in dimensions of the _ 


long spacings. The electron microscope results indicate that the macro 
periods are associated with the distribution of particles having dimensions 
between those of the short and the long spacings. Structural distinction: 
visible in electron micrographs may possibly represent significant struc 
tural differences on the polypeptide level of dimensions, but before such ¢ 
correlation could be made, it would be desirable to have an estimate of the 
size of the diffracting regions which produce the wide angle pattern. Wide 
angle patterns, remarkably similar to those for certain other fibrous pr 
teins, have been shown for fibrinogen and fibrin (16), but no long spacing 
have been reported for either. The inhomogeneities which are appareti 
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in electron micrographs of both of these substances suggest that the dif- 
fracting regions producing the wide angle pattern are probably quite small, 
possibly in the range of 50 A and less. 

It must be acknowledged that the 700 A length of fibrinogen filaments 
as determined from flow birefringence data (13) is quite close to 3 times 
the average fibrin spacing as reported here. The possibility therefore sug- 

itself that the fibrinogen filament contains three preformed macro 
periods and that the periodicity in fibrin results from the orderly aggrega- 
tion of preexistent structures in the manner of crystal growth. This con- 
cept of the mechanism is attractive in its simplicity, but cannot be sup- 
ported by the existing evidence. It is not permissible to attribute this 
degree of significance to the average spacing without accounting specifically 
for the rather wide variation in spacing between separate fibrils. If the 
periodicity were constructed of such an orderly array, it should appear at 
all stages of aggregation, for example, in the finest fibrin fibrils. The no- 
dose character of fibrinogen filaments is suggestive of a preexistent stria- 
tion, but it lacks the extreme regularity of that in fibrin. Also, the electron 
microscope evidence indicates that there is a random distribution of fila- 
ment lengths in fibrinogen. 

It is noteworthy that, although there is considerable variation in spacing 
between separate fibrils, there is a high constancy in the spacing within 
individual fibrils or fibril bundles. It appears that there is an interdepen- 
dence of spacing in contiguous structures and that, once initiated, the 
periodicity is propagated with considerable precision throughout the fibril. 
In future efforts to account for this anomalous distribution of matter, due 
attention should be given to the possible effects of colloidal forces in this 
essentially colloidal system. From the chemical standpoint the ‘“molecu- 
lar” units may very well be those particulate elements which border on the 
electron microscope limit of resolution, in the neighborhood of 50 A and less. 


SUMMARY 


1, The macro period in fibrin fibrils from bovine Fraction I is shown to 
consist of a narrow stain-receptive band mid-way between two denser and 
wider stain-receptive bands whose average distance center to center along 
the fibril axis is about 230 A. 

2. Fibrin fibrils formed from a highly purified sample of human fibrino- 
gen were shown to have a structure indistinguishable from that observed 
in the bovine preparations. The average dimension of the macro period 
was 215 A for the human material, which value is not considered to be sig- 
nificantly different from that of bovine fibrin, since there is a considerable 


Variation in the value of the macro period between individual fibrils for 
both materials. 
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3. Within the range of resolution available for the investigation, stained 
fibrin fibrils appear to be constituted of particles having dimensions in the 
range of 30 to 50 A. 

4. Bovine Fraction I and the sample of human fibrinogen were shown to 
consist in large part of filamentous elements with an average length of about 
600 A ard an estimated width of about 30 or 40 A. With the ultimate 
resolution available, fibrinogen filaments appear nodose, not unlike a string 
of beads. 

5. It is concluded that fibrin is produced through a predominantly lateral 
association of fibrinogen filaments. The characteristic axial periodic strue- 
ture is interpreted as consisting of periodic variations of protein concentra. 
tion resulting from local axial displacements of material to preferred posi- 
tions at an advanced stage of fiber formation. No significant relation was 
established between the lengths of fibrinogen filaments and the dimensions 
of the macro period in fibrin. 
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EXPLANATION OF PLATE 3 


Fia. 1. Fibrin fibril from bovine Fraction I, clotted in 0.9 per cent NaCl at pi 
6.5, stained with 0.1 per cent phospho-12-tungstic acid. XX 217,000. 

Fic. 2. Fibrin fibrils from purified human fibrinogen, clotted in 1 per cent NaG, 
pH about 6, stained with 0.1 per cent phospho-12-tungstic acid. X 186,000. 

Fia. 3. Bovine Fraction I, 0.01 mg. per cc. from 1 per cent NaCl, shadowed wit 
uranium. X 164,000. 

Fic. 4. (a) Collodion contro! film treated with distilled water. (b) Human fibrim 
ogen, 0.05 mg. per cc. from 0.8 per cent NaCl. Shadow-cast with uranium 
181,000. 

Fic. 5. (a) Collodion control film. (6) Bovine Fraction I, shadowed with nickel 
X 200,000. 
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A COLORIMETRIC METHOD FOR THE DETERMINATION OF 
PHENOL OXIDASE IN PLANT MATERIAL* 


By FREDERICK G. SMITHTt ann ELMER STOTZ} 


(From the Biochemical Laboratories, Division of Food Science and Technology, 
New York State Agricultural Experiment Station, 
"ornell University, Geneva) 


(Received for publication, January 27, 1949) 


Enzymes catalyzing the oxidation of phenols occur widely in plant tissues 
and have been extensively studied (1-7), but the diversity of their proper- 
ties and the complexities of the reactions catalyzed have made assays and 
their interpretations uncertain. In only a few instances have essentially 
pure enzyme preparations been studied (1, 6, 8), and even in these cases 
the mechanism of oxidation is not well understood. The two principal 
types of phenol oxidase or tyrosinase can best be defined in terms of the 
substrates used for their detection; for example, catechol for catecholase or 
polyphenolase, and p-cresol or phenol for cresolase or monophenolase. 
In each case the first reaction product is believed to be a highly reactive 
o-quinone (1). 

Early methods of determination (2, 5) were based on measuring the 
colored oxidation products of phenols or aromatic amines, but the condi- 
tions controlling color formation were complex with generally inaccurate 
results. More recently, manometric methods in which oxygen uptake is 
measured with catechol or p-cresol as substrates have been preferred. In 
the former case, in which the enzyme tends to be rapidly inactivated dur- 
ing the oxidation, a secondary substrate system has often been employed 
to keep the o-quinone reduced. Kubowitz (9) used the hexose mono- 
phosphate dehydrogenase-triphosphopyridine nucleotide system, while Nel- 
son and Dawson (1) employed hydroquinone or ascorbic acid. This 
device, however, does not eliminate enzyme inactivation, since the latter 
appears to depend on the actual amount of oxygen reduced (1). This 
sets definite limits on the accuracy of manometric methods. 

The goal of the present work was to provide a phenol oxidase method 
suitable for routine assay of large numbers of samples of plant material, 
as well as for the estimation of the enzyme in small amounts of tissue. 


* Journal Paper No. 773, New York State Agricultural Experiment Station, Cor- 
nell University, Geneva, New York. 

* Present address, Department of Botany, Iowa State College, Ames, Iowa. 

t Present address, Department of Biochemistry, School of Medicine and Dentistry, 
The University of Rochester, Rochester, New York. 
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A colorimetric method seemed to offer the greatest speed, simplicity, and 
sensitivity if certain difficulties of the earlier methods could be avoided 
In the proposed method the oxidized phenolic substrate is continually | 
reduced by a suitable leuco dye as follows: 


(a) Phenol + quinone 
(b) Quinone + reduced dye ——> phenol + oxidized dye 


(a), so that the over-all reaction is limited by the enzymatic step. The 
reaction can then be followed photometrically by measuring the oxidized | 
dye under conditions in which the quinone does not accumulate. If a dye 
with a high color intensity is chosen, only the very initial part of the re. 
action need be measured. Enzyme preparations from apple fruit and 
potato tuber were mainly used in the development of the method, buts | 
variety of other plant materials were subsequently investigated. 


Reaction (6) should be stoichiometric and rapid compared with reaction | 


EXPERIMENTAL 
Conditions Affecting Colorimetric Reaction 

The reactions were carried out in test-tubes at 30° with a phosphate. 
citrate (McIlvaine) buffer of pH 6.0. This pH was found to be clos 
to the optimum for most of the enzyme preparations tested and was high , 
enough to give the full blue color of the indophenol dye adopted without 
permitting appreciable autoxidation of the leuco dye. Variation in buffer 
strength had little effect on the rate of reaction. The temperature was 
adequately controlled by keeping all reagents in a 30° bath, since no sig- 
nificant change in temperature occurred during the very short reaction 
period required for the colorimetric determination. Rates were measured | 
with the Lumetron colorimeter and multiple reflection galvanometer. Gal- | 
vanometer readings plotted on a logarithmic axis were linear with time df / 
the reaction for a suitable period under the conditions described. 

Choice of Dye and Its Effect—A large number of reversibly oxidized 
dyes of suitable potential were tested from the standpoint of solubility, 
stability, autoxidizability, absorption coefficient, and effect on the enzyme 
preparations. The substituted indophenols were found most suitable and 
2 ,6-dichlorobenzenoneindo-3’-chlorophenol (Eastman) was the best of thes. 
It is readily reduced by hydrogen and palladized asbestos and is stable # 
the leuco form under hydrogen for several hours. It is conveniently 
standardized colorimetrically with ascorbic acid, but weighed samples ¢ 
the dye gave sufficiently uniform solutions for routine work. For may 
purposes ascorbic acid reduction may also be acceptable for leuco dye 
preparation, but there was some evidence that the oxidation products 
ascorbic acid affected the enzyme reaction adversely. 


&. 
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Two important effects of the indophenol dyes were observed that were 
further considered. First, the dyes varied widely in their effect on the 
oxidation rates of enzyme preparations from certain sources. With some 
initial rates were low and fell off rapidly, indicating enzyme inhi- 
bition. The 3’-chloro dye was, in fact, originally substituted for the more 
common 2,6-dichlorobenzenoneindophenol, because the former gave higher 
rates of longer linear course with potato preparations. The potato en- 
zyme was particularly sensitive to these dye effects, but was not typical 
of the plant materials investigated. A second important characteristic 
of the indophenol dyes in general and the 3’-chloro dye in particular was 
the fact that they were oxidized directly, without phenolic mediator, by 
enzyme preparations from some tissues. This will be referred to as “‘dye 
oxidase’ activity’ and will be discussed further in a later section. With 
such preparations, therefore, two measurements of oxidase activity were 
necessary, (a) total phenol oxidase (with phenolic substrate or mediator) 
and (b) “dye oxidase’”’ (without phenolic substrate). The difference is 
considered a measure of true phenol oxidase activity. This is based upon 
two types of evidence. First, mixtures of two enzyme preparations of 
widely varying proportions of “‘dye oxidase” and phenol oxidase gave 
additive rates within experimental error, indicating no interaction of 
direct dye oxidation and dye oxidation through phenol mediation. Sec- 
ond, the two activities could be separated by a specific inhibitor as shown 
in a later section. 

Fig. 1 illustrates the effect of the leuco dye*® concentration on rate of 
the reaction with three representative types of enzyme preparations. 
It may be seen that apple oxidase had very little “dye oxidase” activity 
and was inhibited to some extent above a certain optimum dye concen- 
tration. Potato oxidase showed a large fraction of “dye oxidase’”’ ac- 
tivity and marked inhibition by the dye. Carrot oxidase, on the other 
hand, showed a very high proportion of “dye oxidase,” and no evidence 
of inhibition by the dye. The effect of two levels of dye concentration 
may also be noted incidentally with enzyme preparations from other sources 
nTableIV. It is clear that the effect of dye concentration varies from one 
tissue to another, and this fact must be considered in adopting a concen- 
tration for a standard technique. 

Choice of Phenolic Substrate—A variety of phenolic compounds were 
tested for substrate or mediator activity in the system. Table I gives 
representative data for apple and potato enzyme preparations. Values 


'The term “dye oxidase”’ is used only as a temporary measure. Without further 
investigation of the nature and specificity of this enzyme, any more specific or per- 
manent term seems unjustifiable at this time. 

*Hereafter “dye” will indicate the 2,6-dichlorobenzenoneindo-3’-chlorophenol. 
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greater than unity indicate mediator activity by the phenol, while values 
less than unity indicate inhibition of “dye oxidase”’ activity. It is eyj. 
dent that only catechol or its analogues were effective mediators. Chloro- 
genic and caffeic acids were actually somewhat more effective than — 
catechol, while protocatechuic acid and dihydroxyphenylalanine were 


00 


~ 


> 


RA 
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Fic. 1. The relation of leuco dye concentration to rate of oxidation by phenol 
oxidase of three typical plant enzyme preparations. T' = total oxidase, D = “dye , 
oxidase,’”’ and T — D = catechol oxidase activity. 


less effective. Of the monophenols, only tyramine and possibly tyrosine 
showed definite but small mediating effects, while other phenols, includ | 
ing p-cresol, were inactive. Catechol, therefore, was used in all subs 
quent work and the enzyme activity which it mediated is best termed 
catechol oxidase. 

Fig. 2 demonstrates the effect of catechol concentration on rate of th 
reaction with apple and potato preparations. No true optimum (0 
centration was reached and the higher concentrations were not favorable 
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for use, since the individual rate curves fell off with time too rapidly for 
accurate measurement. 

Fig. 3 illustrates the essential point that with suitable catechol and 
leuco dye concentrations the rates of reaction were directly proportional 
to enzyme concentration over at least a 10-fold range. 


Enzyme Preparation 


In routine assay of plant material it is desirable that preparation of 
the enzyme be rapid, simple, and adaptable to adequate sampling. Plant 


TABLE I 
Effect of Various Phenols as Mediators in Oxidation of Leuco Dye 


The figures reported represent the ratios of the rates found with added phenol 
(total oxidase) and without phenol (‘‘dye oxidase’). Hence ratios greater than 
unity represent mediation by the phenol; less than unity, an inhibition of “dye 
oxidase.”’ 


Potato enzyme Apple enzyme 


Mediator c cacentration of phenol Concentration of phenol 


3X | 83x 83x | 83x | 83x 
10°? w 10°°* uw 10*u 10%m 10°* 


| 1.30 1.09 34 5.5 
Protocatechuic acid...._.. 0.70) 1.10: 1.917; 3.45 
Dibydroxyphenylalanine | 1.10 2.22 | 
Caffeic acid. . 1.35 | 6.9 
Chlorogenic acid. 1.92 9.1 
Pyrogallol...... 0.68. | 0.54] 1.10 
Gallic acid........... 0.171 1.00! 0 | 0.91 | 0.98 | 
Tyramine.. 1.06 1.28 

Guaiacol 0.59 0.81 0.90 0.87 1.10 

Phenol. 0.92 


pMethylaminophewo! 0.58. O 0.98. 


tissues, however, may contain interfering substances such as ascorbic 
acid and sulfhydryl compounds, phenol oxidation products with inhib- 
itory effects on the enzyme, and acids producing an unfavorable pH in 
the homogenate. The following general procedure was designed to meet 
requirements and obviate the difficulties mentioned: (a) the tissue was 
ground with an excess of ascorbic acid at a suitable pH for enzyme sta- 
bility, (b) crude proteins and cell fragments were precipitated at about 
-25° by 80 per cent acetone and centrifuged, and (c) the precipitate was 
resuspended in suitable buffer at 0°. Extensive experience with this 
procedure and several modifications showed, however, that the precautions 
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necessary in extraction and preservation of the enzymes varied consider. 
ably with the tissue and the method of sampling and grinding. 

When adequate sampling required large amounts of tissue, 25 or 50 
gm. were chopped in a Waring blendor and a small aliquot further ground 
in a Potter-Elvehjem homogenizer (10); with | gm. samples the latter 
homogenizer was used directly. Homogenization beyond the point oj 
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Fig. 2. The relation of catechol concentration to rate of dye oxidation with apple 
and potato enzyme preparations. 


complete cell rupture did not increase activity, though in many prepa 
rations a large fraction of the activity was not in true solution and could 
be centrifuged at moderate speeds. The necessity for ascorbic acid ad- 
dition during grinding varied. With potato tuber tissue it was clearly 
beneficial, but with other tissues, including apple, it was not required 
if homogenization was rapid and the preparation precipitated or assayed 
within a few minutes. 

The pH during preparation of the enzyme had a marked effect with 
both apple and potato tissues. At values below pH 4 to 5, much lower 
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activities were obtained than at higher values, as indicated for potato 
tuber tissue in Table II. In general, either homogenates or acetone 
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Fig. 3. The relation of enzyme concentration to rate of dye oxidation with apple 
and potato preparations. 


TABLE II 
Effect of pH on Stability of Oxidase Activities of Potato Homogenate 
Aliquots of homogenate were suspended in buffers at the indicated pH values and 
incubated at 25° for the intervals indicated. Total oxidase activity and ‘“‘dye oxi- 


dase” activity were determined, and catechol oxidase was calculated by difference. 
The data are given as per cent of the figures in bold-faced type. 


pH 7.5 | pH 6.0 pH 4.5 
| Total | “Dye | Catechol | Total | “Dye | Catechol | Total | “Dye |Catechol 
| | | oxidase” | oxidase | oxidase oxidase 
| 100 | 000 | 10 | | 0 | @ | 
| | 98 93 103 44 | 2 65 


preparations were sufficiently stable for assay purposes for 15 to 30 minutes 
at pH 6.0 even at room temperature. 

The effect of acetone precipitation was also studied extensively with 
apple and potato tissue and to a lesser extent with several other tissues. 
The per cent acetone was not highly critical and 80 per cent was considered 
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optimal. The effect of time and temperature indicated that subzero 
temperatures were not necessary for short periods (10 to 20 minutes) 
but advisable for longer exposure of the enzymes to acetone. When 
ascorbic acid addition was used, acetone precipitation was the most cop. 
venient method of removing the excess, although it could also be accom. 
plished by aerating the homogenate as was practised in certain recovery 
studies. Acetone precipitates were generally more stable than homog. 
enates and in some cases gave better rate curves. Acetone precipitation 
also prevented darkening of preparations such as apple and potato by 
removing most of the natural substrates. Recoveries on acetone pre. 
cipitation, as seen in Table IIT, were not uniformly good; potato was most 


Taste Ill 
Recovery of Oxidase Activities after Acetone Precipitation with Several Plant Tissues 


Data given as per cent recovery in acetone precipitate based on activity of the 
homogenate with ascorbic acid removed, when added, by aeration. 


Tissue and conditions ‘Total oxidase “Dye oxidase” Catechol oxidase 
Potato, pH 6.0, with AA* 84-104 (97)t 52-64 (61)t 102-132 (114)t 
6.0, without AA 60- 85 (75)t 37-54 (48)t 75 96 (R5)t 
Apple, pH 6.5, with AA 89-135 (107)T 
Sweet potato, pH 7.6, with AA 79 SH 76 
7.6, without AA 58 72 
Mushroom, pH 7.7, with AA 71 


7.7, without AA 66 


= ascorbic acid. 
+ Range and average of six separate trials. The figures in parentheses represent 
the averages. 


consistent, apple more variable, and some other tissues showed only poor 
recovery. 

It was found that for most tissues investigated, when ascorbic acid 
addition was not essential and when high dilution was possible, acetone 
precipitation was not required to produce enzyme preparations sufficiently 
stable and free of interfering materials for the assay. Over-all dilutions 
for the preparations illustrated in Table IV, for example, ranged from 
1:500 for carrot and 1:2000 for apple and potato to 1:25,000 for 
mushroom. 


Standard Procedure 
Reagents- 
Leuco dye. The commercial dye (Eastman) was used without further 
purification, but each lot was standardized colorimetrically with ascorbi 
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acid. 0.001 m dye solutions were prepared as follows: The calculated 
amount of solid (35 mg. in the case of the lots used) is dissolved in 100 
ml. of distilled water by shaking periodically for 20 to 30 minutes, and 
then filtering off the undissolved material. This solution is stable for 3 
or 4 days at room temperature. 


Tasie IV 
Phenol Oxidase Activities of Vartous Plant Tissues Measured Colorimetrically and 
Manometrically 
Activities computed for both methods as micromoles X min.~! gm.~! 
(fresh weight), where 1 mole of dye is equivalent to 1 gm. atom of oxygen. 


Colorimetric method Manometric method 
added | Total “Dye ‘oxidase | Cate- Creso- 
Potato (tuber) | 0.5 | 16.2) 3.2 | 13.0) 4 | 17.8) 7.1 | 2.6 
2.5 | 22.7/15.9 | 6.8; 0.4) | 
Apple (fruit ) 0.5 | 14.8] 0.102 144 0.3 | 36 
| 2.5 8.9! 0.32. 8.6 | 
Sweet potato (tuber) 0.5 | 14.1] 4.1 | 10.0} 2.4] 2.9% 0 
| 2.4) 15.8 10.6, 0.7, | | 
Beet (root) | 0.5 | 74.8] 6.8 | 68.0} 10 | 10.9] 12.2 | 0.9 
| 2.5 +] 44.8] 22.0 | 22.8) 1 | | 
Peach (fruit) | 0.5 | 12.9] 2.14] 10.8} 5& | 4.0! 0.21 | 19 
| 9.6 | 18.6) 4.7 | 
Banana (fruit) | 0.5 | 23.5} 0.63} 22.9) 36 | 18.5| 4.0 | 4.6 
| 2.56 | 28.0; 2.63] 25.5] 10 | | | 
Asparagus (stem) §§ 0.5 | 11.0| 3.4 
| 2.8 | 23.7) 16.2 | 7.5) 0.8! 
Mushroom 0.5 | 514 0.35/514 4s 
| 360 | 0.38/ 360 | 950 | 
Carrot (root) 0.5 2.87! 2.7; 0 | 
2.5 | 18.3/12.0 | 1.3) 0.11, 


* Estimated initial values from rapidly declining rate curves. 


To prepare the leuco dye for a single day’s use, an appropriate amount 
of the above stock is diluted 5-fold (0.0002 m) and about 1 ml. of a freshly 
prepared 0.2 per cent suspension of 5 per cent palladized asbestos is added 
to each 200 ml. of dilute dye. Hydrogen is then bubbled through the 
solution just to the point of complete reduction, 3 to 4 ml. of 0.1 m phos- 
phate-citrate buffer (pH 6.0) are added to reduce autoxidizability, and 
the solution filtered quickly through retentive paper on a Biichner funnel. 
A slow stream of hydrogen passing through the solution is maintained 
lor the period of use of the leuco dye. THe 5 per cent palladized asbestos 
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(Fisher Scientific Company) should be washed thoroughly with distilled 
water and oven-dried. Normally the reduction occurs within 15 minutes 
und the filtered solution is colorless. If the filtrate is appreciably red. 
either too much palladized asbestos was used or the hydrogen bubbling 
was continued too long after complete reduction. 

Catechol solution. Freshly prepared 0.1 M catechol containing a drop 
of 10 per cent acetic acid per 100 ml. 


Method 


The following procedure was found suitable for most plant materials 
A weighed sample of tissue, fresh or frozen, is ground with water in 4 
Waring blendor and homogenizer, or homogenizer alone, depending on 


the sample size, until the cells are ruptured. Sufficient 0.2 m KeHPQ, | 


varying with the acidity of the tissue, is included to maintain a pH oj 
about 7.0. Dilution of the tissue in the homogenate is 1:10. The homog. 
enate is then diluted to the proper concentration for satisfactory rate 
measurement and assayed as soon as possible. When delay is unavoid- 


able, the preparation should be kept in an ice bath or, if found suitable — 


for the particular tissue, an acetone precipitate may be prepared. 

To a colorimeter tube (20 K 150 mm. test-tube) are added 5.0 ml. af 
0.1 mM phosphate-citrate (McIlvaine) buffer of pH 6.0, 5.0 ml. of 0.0002 x 
leuco dye (1.0 um), 1.0 ml. of 0.1 mM catechol, and finally 1.0 ml. of enzyme 


suspension, all reagents at 30°. The tube is quickly swirled for mixing | 
and inserted in the colorimeter (645 my filter), and the lamp rheostat — 
adjusted to give a suitably high (80 to 100 per cent) transmission. Gal _ 


vanometer readings are then taken at 5 second intervals, usually durmg 


the 15 to 45 seconds after mixing. A timer with a flashing light signal | 


is convenient when working alone. 


The per cent transmission (/) plotted against time on semilog paper 


normally gives a linear relation for at least 30 to 60 seconds, and the slope 
of the line is a convenient measure of the reaction rate. When rates ar 
known to be linear, two readings may be sufficient and plotting unneces 
sary. Since the blank transmission (Jo) does not change significantly 
during the reaction, the rate of increase in optical density ()) is measured 
by the slope and, by Beer’s law, the rate of increase in oxidized dye con- 
centration (C). For a dye of absorption coefficient ¢ and standard tube 


of light path L, the rates may be expressed as change in log / or’) pet | 


minute as follows: 
(1) Initial reading, log Jo — = X LX = 
(2) Final reading, log — log/: = « X L & = 
Subtracting equation (1) from equation (2) gives 

—(log — logh) = LX (C2 — Gi) = la 
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led | or 

tes —Alog] = «XL X AC = AD 
ed, 

A log AC AD 
rop 
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Such rates were converted to an absolute basis for the particular in- 
strument, dye, and tube used as follows: 


A log J per min. X dilution factor micromoles 
3.50 X volume ml. X min. X gm. 


where ‘dilution factor” is the volume of enzyme preparation divided by 
the fresh weight of tissue, ‘‘volume”’ is that of the reaction mixture, usually 
12 ml., and 3.50 is the optical density of 1 um of oxidized dve in a 12 ml. 
volume under the conditions used. 


Some Applications and Properties of Method 


Quantitative comparison of phenol oxidase activities by different 
methods is always difficult and especially so with crude catechol oxidase 
preparations which may be inactivated during their action. Since man- 
ometric methods have been most common, a series of comparisons of the 
colorimetric and manometric methods was made with enzyme prepa- 
rations from a variety of plant tissues. The manometric technique was 
similar to that of previous workers (1) except that the pH, buffer strength, 
and catechol concentration were adjusted slightly to those of the colori- 
metric method. 

Several points of comparison are illustrated in Table IV. It is sig- 
nificant that accurate colorimetric measurements could be made in cases 
in which the manometric method failed, giving poor rates or none at all. 
This may have been due in some cases to the longer time necessary to 
make the manometric observations, but in other cases, for example carrot, 
it seemed to be due to a reversible inactivation of the enzyme, since the 
contents of the Warburg flask showed a large fraction of the original 
activity by subsequent colorimetric measurement. The catechol oxidase 
activity by the colorimetric method, especially at dye concentrations 
at which inhibition was minimum, was always equal to that measured 
by the manometric method, and usually much greater. This is consistent 
with the view of Nelson and Dawson (1) that the amount of inactivation 
of the enzyme is proportional to the oxygen uptake, which is necessarily 
much greater in the manometric method. 

The sensitivities of the two methods can be compared on the basis of 
the relative oxygen uptakes required to give minimum values of com- 
parable precision in the instruments used in the respective methods. On 
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this basis an oxygen uptake of 25 ul. per hour in the Warburg apparatus 
is 300 times that equivalent to a A log J per minute of 100 in the colori- 
metric method. 

Table IV further shows the wide range observed in the total oxidase 
activity, in the proportion of ‘dye oxidase” and catechol oxidase, and jn 
behavior with respect to dye concentration. Carrot oxidase, for example, 
was 90 to 95 per cent direct ‘dye oxidase’ at the higher dye concen- 
tration, while mushroom oxidase was never more than 0.1 per cent “dye 
oxidase.”’ 


“Dye Oxidase”’ 


Since peroxidase and cytochrome oxidase (with appropriate substrates) 
also catalyze leuco dye oxidation, their possible relation to ‘“dye oxidase” 
activity was examined. Peroxidase would require the presence of a suit- 
able concentration of peroxide in the enzyme preparation. The presence 
of an adequate concentration of peroxide seemed improbable, but this 
possibility was eliminated by the response of oxidase preparations to 
added purified peroxidase and catalase. The presence of cytochrome 
oxidase was also rendered unlikely, first, since some of the preparations 
were essentially soluble in contrast to typical cytochrome oxidase prepa- 
rations, and second, because addition of cytochrome c failed to catalyze 
dye oxidation which it does in the presence of heart muscle or wheat germ 
preparations known to contain cytochrome oxidase. 

There was the further possibility that “dye oxidase’ was related to 
other types of phenol oxidases. In a sense the leuco dye is a p-amino 
phenol toward which laccases are generally active; however, the “dye 
oxidase”’ preparations did not oxidize hydroquinone or p-phenylenediamine, 
both of which are typical substrates for laccase. 

Another possible cause of direct oxidation of the dye might be mono 
phenolase or cresolase activity which is known to occur in many of the 
tissues studies (1, 3). Though unlikely on several grounds, this was 
possibility more difficult to exclude. However, p-cresol and other mono 
phenols, with the possible exception of tyramine, were shown not to me 
diate dye oxidation. Also, no clear correlation was found between “dye 
oxidase’ and manometric cresolase activities in a variety of plant tissues. 
This may be seen in Table IV in which “dye oxidase” determined by the 
colorimetric method and cresolase activity by the manometric method 
were compared, as well as the ratios of catechol oxidase to ‘‘dye oxidase” 
and catechol oxidase to cresolase. This comparison cannot be exact, 
but there seems to be no consistent tendency to indicate the identity of 
“dye oxidase” and cresolase. The “dye oxidase” was also differentiated 
from cresolase by the use of the inhibitor phenylthiocarbamide. As 
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down in Table V, there is little difference in the sensitivities of catechol 
gxidase and cresolase to this inhibitor as determined manometrically, 


ghile catechol oxidase and oxidase’? show markedly different inhi- 


vitions to phenylthiocarbamide. 
Finally there is the possibility that the ‘dye oxidase’ activity is not 


-ytually a direct one but that some natural mediator is present in the 


preparation. If such were the case, however, it is not removed by acetone 
mecipitation, nor is it liberated upon heat coagulation of the protein, 
ince concentrates of the supernatant fluid after heat denaturation do not 
stivate catechol oxidase preparations. The additive properties of ‘‘dye 
xidase”’ and catechol oxidase activities also argue against the functioning 


TABLE V 
Per Cent Inhibition of Phenol Oxidases by Phenylthiocarbamide 


Tissue Method Oxidase activity 
Apple : Colorimetric Catechol oxidase | 44 | 76 | 100 
“ Dye oxidase | ae | 16 

Manometric Catechol oxidase | 0 (74 | 

Cresolase 9 | 56 96 | 

Reet Colorimetric Catechol oxidase | 2) | 

Dye oxidase | | 0 0 | 

Manometric Catechol oxidase 27 
§ | 30 85 


oe Cresolase 


oa mediator in “dye oxidase” activity. It can only be concluded at 
present that ‘“‘dye oxidase’’ is probably some type of phenol oxidase, not 


_ typical of laccase or cresolase, which is especially active toward indophenols. 


Micro Modification of Method 
The colorimetric method offers the possibility of measuring phenol 
midase in minute quantities of tissue for physiological investigation. 
The high absorption coefficient of the oxidized dye at 645 my affords 


‘high sensitivity even in the procedure described, but this can easily be 


nereased 100-fold by reduction in volume and increase in reaction time. 
The following procedure was developed with apple fruit tissues. Micro- 
tome slices of frozen tissue weighing 0.1 to 0.5 mg. were homogenized in 
ssmall Potter-Elvehjem type homogenizer (approximately 5 X 25 mm.) 
containing 100 ul. of buffer and excess ascorbic acid. The homogenate 
was transferred with a micro pipette to a small conical centrifuge tube 
7 X 35 mm.) with another 100 ul. of buffer for rinsing. The enzymes 
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were precipitated with 800 yl. of acetone at —25° and resuspended » 
100 wl. of buffer of pH 6.0. Rate determinations of from | to 3 minute 


duration were made with Lowry and Bessey’s adaptation of the Beek. 


man spectrophotometer (11) with 50 ul. constriction pipettes to transfe 


suitable amounts of catechol, leuco dye, and enzyme to micro cuvette. 


(2 X 10 mm. inner dimensions). Results were of nearly as high precision 
as in the larger scale procedure, and the sensitivity, equivalent to a mini. 
mum oxygen uptake of approximately 0.0002 ul., is comparable to thos 
of the histochemical methods of Linderstr@m-Lang and Holter (12). 


DISCUSSION 


The colorimetric method described has several advantages in speed, 


convenience, and sensitivity over previous methods of measuring pheno | 


oxidase activity. Complete determinations can be made in as little a 
5 to 10 minutes and a team of two workers can carry out ten per how 
with most plant materials. The method is also readily adapted to smal 
scale techniques for determinations on a histochemical level. 


duced some complexities. The variable inhibitory effect of the indo | 


phenol dye on oxidase from certain plant materials necessitates control 
of dye concentration and restricts the comparison of enzyme activities 
from different sources. The latter is difficult, however, by any method, 
since phenol oxidase activity is so generally dependent on the substrate 


and experimental conditions. It may also be pointed out that the dye_ 
used in this method gave much higher sensitivity (at least 10 times) and 


better rate curves than the pyrogallol, benzidine, or nadi reagent used 
in earlier colorimetric methods. 


The occurrence of direct “dye oxidase” activity in some plant preps — 
rations was a further complication, but it appears different from catecho-— 


mediated dye oxidation and may in itself prove to be an interesting part 
of the phenol oxidase mechanism of plant tissues. The identification @ 
“dye oxidase” will require further work. 

The almost complete lack of activity of monophenols as mediator 
seemed to rule out the use of the method for monophenolase determ- 
nation. The reason is uncertain, since o-quinones are considered to be 


formed in the enzymatic oxidation of monophenols as well as o-dihydroxy- — 


phenols (1). 

Considerable variation was found in the properties of enzyme preps 
rations from different plant materials which called for adjustment in the 
method of preparation in some cases. However, a general procedure bas 
been presented which was adequate for the majority of tissues invest: 
gated. It is characterized by thorough cell rupture, avoidance of low pH. 


; 


| 
The use of a leuco dye as a secondary substrate, however, has intro 
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short standing, and high dilution which usually obviated further purifi- 
cation of the homogenate. 

The same general technique has been adapted to the determination of 
peroxidase in plant material (13) and much of the work was concurrent 
with that in the present report. The method has also been adapted for 
eytochrome oxidase determination (14) in which cytochrome c replaces 
catechol as the primary substrate or mediator. Thus it appears feasible 
to determine three important respiratory oxidases by a single method of 
improved speed, convenience, and sensitivity. 


SUMMARY 


A new colorimetric method for determining phenol oxidase activity in 

t tissues is described. It affords greater speed and sensitivity, being 

adaptable both to routine assay and to microanalysis on a histochemical 
level. 

The enzymatically oxidized phenolic substrate, catechol, is continually 
reduced by leuco-2 ,6-dichlorobenzenoneindo-3’-chlorophenol, and the rate 
of color formation, measured photometrically over a short period, is found 
to be linear and directly proportional to enzyme concentration under 
suitable conditions. 

The influence of leuco dye and catechol concentration and of the method 
of enzyme preparation with various plant materials was investigated and 
a standard procedure suitable for most materials is presented. 

Some preparations showed direct ‘“‘dye oxidase” activity; that is, they 
catalyzed the oxidation of leuco dye without added mediator. This 
enzyme appeared to be distinct from catechol oxidase, cresolase, cyto- 
chrome oxidase, or peroxidase. 

Comparison of the present colorimetric method with a conventional 
manometric technique was made on a group of representative plant tissues. 


The authors are indebted to Dr. W. B. Robinson for his collaboration 
in part of this work. 
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A COLORIMETRIC METHOD FOR THE DETERMINATION 
OF PEROXIDASE IN PLANT MATERIAL* 
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(Received for publication, January 27, 1949) 


In a previous paper (1) a colorimetric phenol oxidase method was pre- 
sented which utilizes catechol as a mediator and in which the oxidation of 
a leucoindophenol is followed photometrically over a very short time in- 
terval. During the development of this method it was found that the 
same basic method and technique were applicable to the determination of 
peroxidase. In the latter case, oxidation of the leucoindophenol dye is 
catalyzed directly by peroxidase in the presence of hydrogen peroxide. 
Since it is often desirable to determine both phenol oxidase and peroxidase 
ina given plant material, a basically similar method for both enzymes was 
considered advantageous. 

Most previous peroxidase methods have also been colorimetric and have 
utilized a variety of oxygen acceptors such as pyrogallol (2-4), leucomala- 
chite green (5, 6), guaiacol (6), nadi reagent (7), and others. Lucas and 
Bailey (8) have also used an indophenol dye similar to that in the present 
work, but in a quite different way. Another method commonly used, 
especially in the assay of plant material, is that of Balls and Hale (9), in 
which pyrogallol is the oxygen acceptor, but the utilization of hydrogen 
peroxide is measured. 

This paper includes (a) a brief discussion of factors involved in the pro- 
posed colorimetric reaction and in the enzyme preparation, (b) a descrip- 
tion of the method adopted, (c) some results of its application to plant ma- 
terials, and (d) some points of comparison with other methods. 


EXPERIMENTAL 
Colorimetric Reaction 
The same general technique as that of the phenol oxidase method (1) 
was found suitable for peroxidase determination. A pH of 6.0 for the 


* Journal Paper No. 772, New York State Agricultural Experiment Station, Cor- 
nell University, Geneva, New York. 

t Present address, Department of Botany, lowa State College, Ames, Iowa. 

} Present address, Department of Biochemistry, School of Medicine and Den- 
tistry, The University of Rochester, Rochester, New York. 


831 


4 
a 
3 
4 
| 


882 DETERMINATION OF PEROXIDASE 


colorimetric reaction proved optimal for enzyme preparations from various 
sources, and at the same time permitted only a negligible rate of oxidation 
of the leuco dye by peroxide in the absence of enzyme. Buffer strength 
was not critical. Much less variation of peroxidase activity with different 
indophenol dyes was encountered than in the case of phenol oxidase. l- 
though the common 2,6-dichlorobenzenoneindophenol was quite satis. 
factory, 2,6-dichlorobenzenoneindo-3’-chlorophenol afforded somewhat 


TaB.e I 
Activities and Properties of Orygen Acceptors in Peroridase Reaction 


Enzyme preparation Acceptor® Concentration HzOst | Rate? | 
percent | per cent | 
Apple (acetone | 3467 3.410 | 0.04 | 100 1500 | 25 
ppt.) 
Same 3463 3.410 0.04 6 15 
“ Pyrogallol (0.033 0.04 | 1.1) 1700 | 2.8) 
Leucomala- [1.2 X 10-‘ca. 0.0008 6 | 50 
chite green | | 
Potato (acetone | 3467 3.4 X 10° | 0.04 100 
ppt.) | | | 
Same 3463 3.4 X 10 | 0.04 | 61 
Horseradish (par- 3467 3.4X 0.04 100 
tially purified) : 
Same 3463 34X10 10.01 55 


* 3467 (Eastman Kodak Company), 2,6-dichlorobenzenoneindo-3’-chlorophenol; 
3463 (Eastman Kodak Company), 2,6-dichlorobenzenoneindophenol; pyrogallol, 
410 my filter used in measurement; leucomalachite green, in pH 4.0 buffer, 615 m 
filter used. 

¢ All H,O, concentrations were optimal. 

t Rates for each enzyme preparation relative to those in bold-faced type. 

§ « = absorption coefficient = (log Jo/J)/(L(cm.) X C (mm per liter)). 

|] This value is for purpurogallin in alcohol. 


greater sensitivity, as shown in Table I. Since the latter dye had been 
adopted for the phenol oxidase method, some convenience as well as sen- 
sitivity was gained by also selecting this dye for the peroxidase determina- 
tion. No evidence of enzyme inhibition by the dyes was observed, and 
small differences in the sensitivity of the method with the various dyes 
were due essentially to variations in their absorption coefficients. 

The effects of leuco dye and peroxide concentrations on the rate of the 
enzyme reaction were necessarily interrelated. These relations are illus 
trated for an apple preparation in Figs. 1 and 2. It will be seen that the 
optimal peroxide concentration in the reaction mixture was at about 0.04 
per cent for a leuco dye concentration of 3.5 X 10-*m. At this peroxide 
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concentration the leuco dye was not at an optimal concentration. With 
lower peroxide concentrations an optimal dye concentration could be 
reached, but this was at such a level that there was danger of precipitation 
of dye in the stock solutions. Thus the best practical choice for maxi- 
mum sensitivity seemed to be about 0.04 per cent peroxide and 3 to 4 X 
10-* m leuco dye. Under these conditions good proportionality between 
rate of oxidation of the leuco dye and enzyme concentration was obtained, 
as illustrated in Fig. 3. 


z APPLE 
> ‘ 
600 SWEET POTATO 
A400 7 
200 


[H,Q)  % x16" 
Fic. 1. The effect of peroxide concentration on the peroxidase reaction with apple 
and sweet potato preparations. Leuco dye concentration, 3.5 X 10™‘ mM. 


It may be pointed out that enzyme preparations vary in their sensitiv- 
ity to peroxide, as previously reported (10). As may be noted in Fig. 1, 
the sweet potato preparation was markedly inhibited by peroxide concen- 
trations above the optimum, while an apple preparation showed little or 
no inhibition at such levels. This variation in sensitivity was considered 
in the design of a routine method. Inhibitory peroxide concentrations 
were usually indicated by non-linear rate curves and were generally avoided. 


Enzyme Preparation 
Much of the present work was carried out simultaneously with studies 
on the phenol oxidase method (1) and included investigation of the effects 
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of sampling and grinding techniques, pH, ascorbic acid addition, acetone 
precipitation, temperature, and time. Peroxidase was similar in its be- 
havior to phenol oxidase in many respects but showed generally greater 
stability. A pH of 7 to 8 was found to be optimal for the stability of 
peroxidase during preparation for apple and potato tissue. There was no 
evidence that the use of ascorbic acid during grinding was beneficial. Re- 
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Fic. 2. The relation of leuco dye concentration and rate of the peroxidase re- 
action with an apple preparation. Peroxide concentration, 0.04 per cent. 


coveries of enzyme activity after 80 per cent acetone precipitation were 
usually better than 90 per cent, but this procedure was not required, since 
simple homogenates were found to be as stable as acetone precipitates. 
Peroxidase differed from phenol oxidase in that diluted homogenates were 
more stable in peroxidase activity in the presence of gelatin. It was gen- 
erally possible to use the same enzyme preparation for the determination of 
both peroxidase and phenol oxidase activities, except that the aliquot of 
homogenate for peroxidase determination was diluted with gelatin solution. 
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Standard Procedure 


Leucodye. An approximately 0.001 m solution of 2 ,6-dichlorobenzenone- 
indo-3’-chlorophenol (35 mg. per 100 ml.) is prepared. To obtain the 


 leuco dye reagent, the above stock is first diluted, after ascorbic acid 


\200F 


POOF 


RATE A LOGI/MIN 


(ENZYME) 


Fic. 3. The relation of enzyme concentration and rate of the peroxidase reaction 
vith an apple preparation. Peroxide concentration 0.04 per cent, leuco dye concen- 
tration 3.5 X 10°. The bars represent the range of five replicate determinations. 


| standardization, to 5.56 X 10-4 m. The dye is reduced by first adding 2 


ul. of a freshly prepared 0.2 per cent suspension of 5 per cent palladized 
asbestos for each 200 ml. of solution and then bubbling hydrogen through 
the solution until colorless. 3 to 4 ml. of 0.1 m phosphate-citrate buffer 
(pH 6.0) per 200 ml. of solution are added to reduce autoxidizability, the 
solution is quickly filtered through retentive paper in a Biichner funnel, 
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and the hydrogen bubbling is resumed during the use of the leuco dye 
reagent. Further detail on the leuco dye preparation is given in the de. 
scription of the phenol oxidase method (1). 

Hydrogen peroxide. 0.A8 per cent hydrogen peroxide is prepared fresh 
from 30 per cent “‘superoxol.”’ 


Method 


The following procedure was adopted for routine determination in plan: 
materials: (1) A weighed sample of tissue, fresh or frozen, is ground firs 


in a Waring blendor and then a portion in the Potter-Elvehjem homog. | 


enizer (11), or in the homogenizer alone if the sample is small, until the 
cells are ruptured. Sufficient 0.2 m K;HPO,, depending on the acidity of 
the tissue, is included to maintain a pH of 7 to 8. Dilution of tissue in the 
homogenate is 1:10. The homogenate is diluted to the appropriate con- 
centration for assay with 0.5 per cent gelatin solution and assayed as soon 


as possible or stored for short periods in an ice bath. (2) To a colorimeter _ 


tube (20 X 150 mm. test-tube) are added 2.5 ml. of 0.2 Mm phosphate-citrate 
buffer (pH 6.0), 7.5 ml. of 5.5 & 10-4 mM leuco dye, 1.0 ml. of 0.48 per cent 
hydrogen peroxide, and finally 1.0 ml. of the enzyme preparation. The 
tube is quickly swirled for mixing and inserted in the colorimeter with s 
645 my filter. After adjusting the lamp rheostat to give a transmission 
of 80 to 100 per cent, galvanometer readings are taken at 5 second intervals, 
usually in the interval from 15 to 45 seconds after mixing. An interval 
timer with a flashing light signal is convenient. 

Transmission values are plotted against time on semilog paper, and the 
rate was determined from the straight line and expressed as A log / per 
minute. These relative rates can be converted to an absolute basis by the 
following expression: 


4 log / per min. X dilution factor oa ( micromoles — 


3.60 X volume ml. X min. X gm. 


where “dilution factor’ is the volume of enzyme preparation divided by 


the fresh weight of tissue, ‘‘volume”’ that of the reaction mixture, usually — 
12 ml., and 3.50 is the optical density at 12 ml. volume in the standan — 
tube of 1 um of oxidized dye. A more detailed explanation of the expres — 


sion “A log J per minute’’ as a measure of rate is given in the report # 
phenol oxidase (1). 
Some Applications and Properties of Method 


Possible interference in the proposed method by other oxidative enzyme 
was evaluated. Direct oxidation of the leuco dye (without peroxide 
occurred in some plant tissues, the so called “dye oxidase” reaction prev: 
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ously described (1). The extent of this reaction may be noted in Table II. 
[tis conceivable that phenol oxidase and cytochrome oxidase in the presence 
of their natural substrates could interfere, though this is unlikely because 
of the high dilution of the tissue. Catalase might interfere by competing 
for the peroxide substrate. Studies with varying proportions of peroxidase 
and catalase’ showed that relatively high catalase concentrations were 
necessary for appreciable interference which was evidenced by falling off in 
the rate curves. No such interference was encountered in the plant ma- 
terials investigated. 


TaBie II 
Peroridase Activity of Various Plant Tissues 
Activity, X min. mi. x 
gm. ~!, fresh weight 
Tissue Dilution 
Control, 
| with out | 

Potato tuber, fresh... .| 1:1,000 362 68 294 
Horseradish root, frozen. _.. . 1:30,000 7030 0 7030 
Carrot root, fresh -| 1:200 63 22 41 
Beet root, frozen. . 1:2,000 423 65 358 
Sweet potato tuber, frozen 1:2,000 490 78 412 
Peas, frozen 1:1,000 128 27 101 
Spinach, frozen. 1:1,000 153 17 136 
Mushroom, frozen 1:10 1.09 0.44 0.65 
Cabbage, fresh 1:5,000 = 1905 0 1905 
Asparagus stems, fresh 1:2,000 336 33 303 
Radish roots, fresh 1:2,000 423 0 423 


Table I shows that the leuco dye used in the present method affords much 
greater sensitivity of measurement than either pyrogallol or leucomalachite 
green. With pyrogallol, with which the Michaelis constant was found to 
be similar to that when the indophenol dye served as acceptor, the differ- 
ence seemed to be due to the relative absorption coefficients and possibly 
to some inhibitory effect of pyrogallol on the enzyme. With malachite 
green, however, which has a higher absorption coefficient than the indo- 
phenol dye, the difference in sensitivity would seem to result from differ- 
ences in the specific reaction rates of the intermediate compound, per- 
oxidase-H,O,, with the two oxygen acceptors (see Chance (5)). Guaiacol 
and nadi reagent were found to be much less satisfactory in the present 
method than any of the above acceptors. The high sensitivity of the 


‘We are indebted to Professor J. B. Sumner of the Biochemistry Department of 
Cornell University for a sample of crystalline beef liver catalase. 
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method was also demonstrated by comparison with the Balls-Hale method 
(9) in blanching studies* on peas and beans. Accurate determinations of 
fractional per cents of residual peroxidase activity after blanching were 
possible only with the present method. 

Much of the work reported in this paper was done with apple, potato, 
and horseradish preparations, but a survey of other available plant mate. 
rials was made to test the method further. The results in Table II show 
the wide range of peroxidase activity encountered and the magnitude of 
the control rate (without peroxide). Most of this may be due to “dye 
oxidase,”’ but since the preparations were all unpurified homogenates, 
some may have been due to other oxidases with their natural substrates, 
at least when the homogenate could not be greatly diluted. 


DISCUSSION 


The indophenol method has been readily adapted for peroxidase determi- 
nation with the same technical advantages of speed, convenience, and 
sensitivity as that described previously for the phenol oxidase method 
(1). The leuco dye selected afforded higher sensitivity than either the 
pyrogallol or leucomalachite green acceptors which have been most con- 
monly used in the past. The method has one disadvantage in comparison 
with the Balls-Hale method (9) that applies, however, to any method 
which employs an acceptor that may be an oxidase substrate and which 
measures substrate change. With materials of relatively low peroxidase 
activity and high “‘dye oxidase” activity, control determinations without 
peroxide are necessary and peroxidase activity must be calculated by 
difference. 

As has been observed with pyrogallol and malachite green (6, 10, 12), 
excessive peroxide concentrations may cause suboptimal rates with some 
enzyme preparations. Although this was only rarely observed in the 
present work, it may complicate the use of fixed peroxide concentrations 
for the assay of a wide variety of tissues. A single peroxide concen — 
tration, therefore, may not serve to compare the peroxidase activities o 
different tissues accurately, but would be valid for comparing changes | 
in activity in the same or similar tissues. 

Preparation of the tissue for peroxidase analysis was similar to that for _ 
phenol oxidase (1); hence with most materials the same preparation served 
for both determinations. 


SUMMARY 


A new method of increased speed and sensitivity for determining per- 
oxidase in plant tissue is described. Leuco-2,6-dichlorobenzenoneindo 


? We are indebted to Dr. Z. I. Kertesz and his coworkers for the Balls-Hale de- 
terminations. 
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3-chlorophenol is oxidized by peroxidase in the presence of hydrogen 
peroxide, and the rate of color formation is found to be linear and propor- 
tional to enzyme concentration under the conditions described. The 
influence of peroxide and leuco dye concentration and of the method of 
enzyme preparation was investigated and a standard procedure adopted. 
Assay results from representative plant tissues illustrate the flexibility 
of the method and comparative data with other peroxidase methods 
emphasize its sensitivity. 
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The colorimetric determination of phenol oxidase (1) and peroxidase 
(2) in plant tissues has been adapted for the determination of cytochrome 
oxidase in animal tissues. Previous methods for the latter have been 
manometric and it was thought that with so labile an enzyme the speed of 
the colorimetric method might be advantageous. A reduced or leuco dye 
is used to keep the substrate cytochrome c in the reduced state. The rate 
of oxidation is then measured by the rate of appearance of the oxidized 
dye color. The factors affecting this coupled reaction have been investi- 
gated and a standard assay technique has been proposed. Application 
of the method to rat tissues and pig heart muscle preparations has also 
revealed some new properties of the cytochrome oxidase system. 


EXPERIMENTAL 
Standard Method 


Reagents and Apparatus—Cytochrome c was prepared from pig heart 
muscle according to Keilin and Hartree (3) but finally dialyzed against 
water. It was standardized spectrophotometrically, diluted to 2 K 10-* 
u, and stored frozen. The dye, 2,6-dichlorobenzenoneindo-3’-chloro- 
phenol (Eastman), was used without previous purification as in the previ- 
ous oxidase methods (1, 2), but each lot of solid dye was standardized 


against ascorbic acid so that solutions of known molarity could be made by 


weight. Solutions of 35 mg. per cent (approximately 0.001 mM) were pre- 
pared every 3 or 4 days. An amount of this stock dye solution for a day’s 
use, usually 20 to 30 ml., is reduced as follows: (a) suspend in the dye 
solution by vigorous shaking about 0.5 mg. of 5 per cent palladized asbestos 
Fisher) which had been previously thoroughly washed with water and 


_ oven-dried; (b) add 4 drops of 0.2 m Mcllvaine buffer of pH 6.0 and bubble 


hydrogen through the solution until it is just decolorized; and (c) filter 
the mixture rapidly by suction through No. 5 Whatman paper and resume 
4 slow stream of hydrogen -to prevent autoxidation. As pointed out 


* This research was supported by a grant from the Donner Foundation, Inc. 
t Present address, Department of Botany, Iowa State College, Ames, Iowa. 
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before (1), it is important that a minimal amount of catalyst be used ang 
that the reduction not be carried beyond the point of decoloration. 

The colorimetric measurements were made in a Lumetron colorimeter 
with a multiple reflection galvanometer, a 645 mau filter, and an adapter 
for 4 X 4 inch test-tubes. This apparatus is convenient for transmission 
measurements at 5 second intervals and has adequate sensitivity for 
suspensions of high turbidity. The Beckman spectrophotometer was also 
used at the standard 3 ml. reaction volume as well as the 120 ul. leve! 
described later. 


Procedure 


The following technique was developed for tissue assay and was als 
used for the experimental work presented unless otherwise indicated. 
Further discussion of individual factors in the method will be found in 
subsequent sections. 

Samples of 0.5 to 1.0 gm. of freshly excised tissue are blotted dry, weighed, 
cut into small pieces, and homogenized in 5 to 10 ml. of water in a Potter. 
Elvehjem homogenizer (4) in an ice bath. Homogenates are kept in an 
ice bath and assayed as soon as possible, suitable dilutions with wate 
being made only immediately before assay and kept in the 30° bath only 
long enough for temperature equilibration, usually 3 minutes. 

All reagents are kept in a 30° bath and the assay itself is completed 
before any significant change in temperature occurs in the reaction mixture. 
Reagents are added as follows: 1.0 ml. of 0.2 m phosphate buffer, pH 7.0, 
0.5 ml. of 2 X 10-* m cytochrome c, 1.0 ml. of 0.001 m leuco dye, and 
finally 0.5 ml. of enzyme suspension. The tube is quickly swirled for 
mixing and inserted in the colorimeter, the lamp rheostat is adjusted to 
a convenient galvanometer reading of 80 to 100, and transmission readings 
are taken at 5 second intervals usually in the period from 15 to 45 seconds 
after adding the enzyme. In this short time no evidence of change 2 
transmission due to settling of particles was observed. The autoxidation 
rate of the leuco dye under these conditions is large enough to require 
correction and is measured by substituting water for the enzyme solutio 


in the procedure. ‘This rate is mancastes from those obtained in the pres 


ence of enzyme. 

The per cent transmission (/ ) plotted against time on semilog pape 
gives linear curves for at least 30 to 60 seconds and the reaction rate 
are measured from the slopes of these curves. If curves are known tol 
linear, two readings are sufficient and plotting is unnecessary. Since tht 
blank transmission (Jo) does not change significantly during the reactiot, 
the rate of increase in optical density (D) and, by Beer’s law, the rate @ 
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increase in oxidized dye concentration (() are measured from the slope of 
the curve, as follows: 


Alogl (&(L)AC 


where 7 is in minutes. Reaction rates in this paper are expressed as A 
log J per minute unless otherwise stated. 

Enzyme activity in the conventional Qo, units, ul. of O. per hour per mg. 
dry weight, is calculated as follows: 


Qo, AD per min. (60)(3)(11.2) AD per min. (70) 


(29) (mg. dry weight of preparation) mg. dry weight of preparation 
where 29 is the value of (e€)(L) for the dye and tubes used, and (60)(3) 
(11.2) converts um per ml. per minute into ul. of gas per 3 ml. per hour. 


Testing and Application of Method 


Substrate System—The rate of oxidation of reduced cytochrome c itself 
can be used to measure oxidase activity (5, 6), but the coupled dye system 
appears to have several advantages. Preparation of the reduced dye is 
more convenient and the absorption peak of the oxidized dye is much 
broader than that of cytochrome c and more suitable for a filter instrument. 
The absorption measurement is also made at a much longer wave-length 
which avoids possible interference by other hemin compounds. In the 
Beckman spectrophotometer, where differences in the width of the absorp- 
tion bands have a minimal effect on the absorption coefficients, cytochrome 
chas a somewhat higher change in coefficient during oxidation on an equiva- 
lent basis (20 sq. em. per micromole) than the dye (15 sq. em. per mi- 
cromole). However, in rate measurements in the Beckman spectropho- 
tometer, the dye-coupled substrate system always showed rates (A log J 
per minute) equal to or greater than those of the cytochrome c system. 
The reason for this is not clear, although it may be mentioned that when 
cytochrome c is used hydrogen reduction was never complete, and with 
dithionite reduction there was some question of enzyme inhibition by 
dithionite oxidation products. 

The same dye, 2,6-dichlorobenzenoneindo-3’-chlorophenol, used in 
the phenol oxidase (1) and peroxidase (2) methods, was chosen as the most 
suitable. The leuco dye concentration necessary to produce a maximum 
rate varied somewhat among homogenates of different tissues as indicated 
in Table I, but with all the preparations investigated 1 us of leuco dye in 
the 3 ml. of reaction mixture was sufficient for “saturation.” The rate 
of autoxidation was roughly proportional to the leuco dye concentration 
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and this was not appreciably different in the presence of heat-inactivated 
enzyme. 

As recorded in Table I, the tissue homogenates showed considerable 
variation with respect to the levels of cytochrome c required to produce 
maximum rate. A partially purified heart muscle preparation gave 


Michaelis constant of 6 X 10-* m cytochrome in this system, similar to | | 


that found by Stotz, Altschul, and Hogness (7) for the hydroquinone 
system, but homogenates varied considerably. Kidney homogenates were 
the only ones encountered which were not saturated by the 0.1 uM of cyto- 
chrome c employed in the standard technique. 

Effect of pH and Salt Concentration—Cytochrome oxidase activity was 
found to increase to a small extent from pH 6.5 to 7.5, but at pH values 
above 7.0 autoxidation of the leuco dye became too rapid for practical use, 


Effect of Leuco Dye and Cytochrome c Concentrations on Cytochrome Oxidase Activities 
of Rat Organ Homogenates 
Rates expressed as A log 7 per minute. 


|Leuco dye, 35 mg. per cent|Cytochrome c, 2 X 1044 

Homogenates 

0.5 ml. | 1.0 ml. | 1.5 ml. (0.25 ml.| 0.50 mi.|0.75 mi. 

ee 0.28 | 0.29 | 0.29 | 0.31 | 0.38 | 0.37 
ue een beeeees 0.48 | 0.51 | 0.52 | 0.72 | 0.97 | 1.01 
0.28 | 0.38 | 0.41 | 0.40 | 0.47 | 
i bean 0.52 0.67 | 0.65 | 0.41 | 0.47 | 0.47 


A pH of 7.0 gives the full blue color of the dye and was adopted for the 
standard method. 

Oxidase preparations showed a more pronounced and characteristic 
response to salt concentration. Fig. 1 illustrates the effect of phosphate 
buffer and NaCl concentration on the activity of various preparations. 
All showed a distinct maximum at 0.06 to 0.07 m phosphate and at about 
0.11 m NaCl. Salt effects are not restricted to the system used in this 
paper. As early as 1912 Battelli and Stern (8) reported that the p-phenyl- 
enediamine-oxidizing system in brain mince increased about 35 per cent in 
activity with the addition of 0.1 to 0.17 m NaCl and that liver mince 
showed an optimal activity between 0.05 and 0.1 m. Elliott and coworkers 
(9, 10) have found that the respiration of liver and brain homogenates also 
was optimal when hypotonic preparations were made up to 0.08 to 0.1 ™ 
NaCl. They attributed part of the effect to osmotic action on cell integrity 
and part to action on the enzymes themselves. Recent evidence (11), 
however, has indicated that homogenates of the type used are essentially 
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cell-free; hence presumably the oxidase effect observed and illustrated in 
Fig. 1 is mainly on the enzyme system. It seems clear that optimal 
activity of the cytochrome oxidase system depends upon an osmotic con- 
centration in the range of 0.08 to 0.12 m, and m/15 phosphate buffer was 
adopted for routine use. 

Low concentrations of aluminum ions have been used in cytochrome 
oxidase assays (12, 13), but in the present system with either fresh or aged 
homogenates no stimulating effect of aluminum was found. 


120 
1.00 
E 
2 B 
200 F- © phosphate 
A NaCl 
L 
Oo 0.05 0.10 0.1 
MOLAR SALT CONCENTRATION 


Fic. 1. The effect of salt and phosphate buffer on the activity of various cyto- 
chrome oxidase preparations. ©, phosphate buffer curves. Curve 1, kidney homo- 
genate; Curve 2, Keilin type of heart extract; Curve 3, ammonium sulfate-precip- 
itated fraction of cholate clarified, Keilin type of heart extract; Curve 4, heart 
homogenate; Curve 5, liver homogenate. A, NaCl curves. Curve A, Keilin type 
preparation; Curve B, heart homogenate. 


Relation of Enzyme Concentration and Rate of Reaction—Representative 
data in Table II show that under the standard assay conditions adopted 
reaction rates were directly proportional to enzyme concentration up to 
4 log J per minute values of at least 1.50. This was true of both whole 
homogenates of several tissues and of partially purified heart muscle 
preparations. Under the conditions of the test described, a A log J per 
minute of 1.50 appears to be the safe upper limit for rate measurements, 
since in several instances rates of 2.0 or higher fell below the linear curve 
relating enzyme concentration and rate. 
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Enzyme Preparation—The preparation and preservation of the homoge. 


nate is critical in the assay of cytochrome oxidase. In our experience | 
optimal activities were reached after 2 to 3 minutes of homogenizing with — 
moderately tight fitting apparatus and with homogenate concentrations — 
of 3 to 15 per cent. Such homogenates of rat organs rarely showed g | 
change in activity during the first 2 hours of standing at 0°. However, — 


after as little as 3 to 4 hours in some cases and consistently after standing 
overnight, the activities increased or decreased depending on the tissue. 
Six trials showed the following changes after 20 to 24 hours (average and 
range): heart 60 (35 to 120) per cent increase; liver, 34 (20 to 39) per cent 


decrease; large intestine, 27 (10 to 54) per cent decrease; lung, 30 (8 to 69) _ 


Taste Il 


Effect of Enzyme Concentration on Rate of Leuco Dye Oxidation Measured under — 


Standard Conditions 


R, actual velocity measured as change in optical density per minute (AD per min- _ 
ute); R,, calculated as the ratio of net velocity at the given enzyme concentration | 


to that found at the relative enzyme concentration 5, the latter being arbitrarily 
assigned the R, value 5.00 (in bold-faced type). 


Relative ensyme | homogenate homcgsnate | bomogensi 
R Ri | Ri R 
0 0.090¢ 0.048¢ | 0.040F | 0.070¢ 
1 0.182 | 0.94 | 0.216 1.04 0.280 1.10 0.340 1.6 
2 0.278 1.92 | 0.352 1.90 0.464 | 1.94 0.630 | 2.11 
5 0.580 | 6.00 | 0.852 | 6.00 1.14 | 5.00 1.35 | 5.90 
10 1.06 9. 1.64 9.85 | | 


* Keilin type of phosphate extract from pig heart. 
t This autoxidation blank subtracted from subsequent values in column to give 
‘‘net velocity.” 


per cent decrease; and kidney, 45 (34 to 57) per cent decrease. Brain 


homogenates were inconsistent in stability, but usually increased in activity 
somewhat. ‘These changes are avoided in practice by assaying homoge 
nates within the Ist hour. 

The stability of the diluted homogenates used in the colorimetric tt 
action is a more serious practical problem. Rat heart or liver homoge 
nates, for example, when diluted from a 5 per cent suspension to 0.2 per 
cent, may lose 5 to 20 per cent of their oxidase activity in the first 5 minutes 
at 30°. The rate of deterioration varies considerably with the preparatio 
and is much slower at 0°. The tendency with these two tissues is for the 
activity to become constant after 15 to 25 minutes at values of 50 to 
per cent of the original. Attempts to stabilize these dilute homogenates s 
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39° with buffers, 0.5 per cent gelatin, or gum arabic were not effective. 
It is important therefore to carry out the assay as quickly as possible after 
diluting the stock homogenate at 30°. Further discussion of the problem 
of stability will appear later. 

Reducing Material—-Any substances in the enzyme preparation capable 
of reducing the oxidized dye could result in apparently lower oxidation 
rates in the oxidase assay. The presence of reducing material in the 
homogenate can be shown by measuring dye reduction in a system con- 
sisting of buffer, oxidized dye, and enzyme. 

The rather difficult problem of measuring the rate of dye reduction, and 
therefore the extent of interference, which might occur during the oxidase 
assay Was approached as follows. The usual test system was employed 
except that oxidized dye was present in a concentration at least equal to 
that which might possibly be present at the time of the first measurement 
in an oxidase assay, and the rate of reduction was measured. This con- 
centration of oxidized dye was 0.25 & 10-4 or some 10 per cent of the 
total dye employed in the oxidase assay. Under these conditions rat 
tissue homogenates gave reducing rates, expressed as per cent oxidizing 
rates, as follows: heart, 0 to 2; liver, 5 to 10; kidney, 2 to 10; brain, 5 to 15; 
intestine, 5 to 10; and lung, 10 to 15. There is reason to believe, however, 
that these estimates are too high. Thus it was found that the rate of 
reduction of a given amount of oxidized dye was less when a large propor- 
tion of reduced dye was also present, which is the situation in the oxidase 
assay. This was demonstrated with heat-inactivated oxidase prepara- 
tions and with blood which contains similar reducing material but no 
oxidase. Furthermore, a significant interference by reducing material 
should manifest itself by a non-linear rate of dye oxidation in the oxidase 
test, since the rate of dye reduction increases with the concentration of 
oxidized dye, and the latter does increase progressively during the oxidase 
measurement. Yet the same linear rates of dye oxidation were found with 
preparations high in reducing materials as with those low in reducing 
power. A small error in the oxidase assay with preparations containing 
large amounts of reducing materials was nevertheless indicated by experi- 
ments in which the tissue preparation was first incubated for 30 to 60 
seconds with a smal! amount of oxidized dye; cytochrome ec and leuco dye 
were then added, and the rate of oxidation measured. With fresh homoge- 
nates of rat tissues the error due to reducing substances was considered to 
be too small to require correction, but the last method described for check- 
ing the extent of interference with other types of preparations is recom- 
mended. 

Comparison of Colorimetric Method with Manometric Method—In addition 
to the obvious advantages of speed and convenience of the colorimetric 
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assay it appears that the ability to perform the assay immediately after 
homogenization of the tissue leads to higher oxidase values than can be — 


attained by the slower conventional manometric methods. Some differ. 
ences in oxidase activity as expressed by Qo, values may be expected due 


to the different cytochrome reductants used in the tests, but the princips| _ 
differences between manometric and the colorimetric method seem to be — 


due to the time element in measuring the oxidase activity. 
A variety of tissue preparations were studied both by the colorimetric 
method and by a manometric procedure similar to that described by Stot; 


Tas.e III 
Comparison of Qo, Values Determined Colorimetrically and Manometrically and — 
Oxidase Activity of Rat Organs 
colorimetrically 
Qo, manometrically Qo, colorimetrically 
Tissue homogenate No. of (e)* (b)® No. of 
deter-| deter 
mina mina- | Mean | szt 
Range Mean Range Mean | tions 
6 | 0.97-2.02 1.29 | 0.56-0.85 | 0.72; 11 | 244 
es Ce 3 | 1.70-2.10 | 1.86 | 1.60-2.07 | 1.80 8 | 249 (17 
et gt 3 1.46-1.75 | 1.58 | 0.67-0.83 | 0.75 8 | 162 | 13 
5 | 1.21-1.36 | 1.27 | 0.84-1.15 | 0.93 9 | 151 § 
Large intestine 5 | 1.58-2.75 | 2.30 | 0.98-1.84 | 1.46 | 10 98 | 10 
EEE 4 1.05-1.47 | 1.33 | 0.62-1.17 | 0.90; 10 38.8 2.2 
Heart oxidaset....., 4 | 0.65-0.93 | 0. 0.51-0.86 | 0.71 ' 


* The ratios recorded under (a) are from colorimetric assays made immediately 
after homogenizing the tissue; those recorded under (6) from colorimetric assays 
made during the first 5 minutes of the manometric assay (see the text). 

Standard error = — 2)/n(n — 1). 

t Keilin type of phosphate extract from pig heart. 


(14), which employs hydroquinone as the reductant. The same pH, — 
temperature, and concentrations of cytochrome c and phosphate buffer 


were employed in the two types of assay procedures. The results 
both assays were expressed as Qo, values, and the ratio of the colorimetric 
Qo, to manometric Qo, calculated. Ratio values less than unity must 


represent the difference in the reductants employed in the two methods, — 
while values greater than unity most obviously represent the deterioration | 
of the oxidase preparations during the time necessary to set up the mano — 


metric experiment. Actually two series of comparisons were used, oe 
(represented by (6) in Table III) in which the colorimetric assay was m2 
during the first 5 minutes of the manometric measurement, and the second 
(represented by (a) in Table III) in which the colorimetric assay was per- 
formed within a few minutes after homogenization and dilution of the tissue 
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The former is therefore a comparison in which the efficiency of the re- 
ductants should be most evident; the latter includes an expression of the 
stability of the oxidase in the preparations and is more strictly a comparison 
of the two types of assay in practice. ‘Table III illustrates the results of 
typical experiments. In the (b) comparisons it will be noted that the 
manometric assays show slightly higher Qo, values with most of the tissue 
homogenates, although kidney and intestine homogenates show greater 
activity in the colorimetric assay. In the (a) comparisons all the tissue 
homogenates, except the relatively stable heart oxidase preparation, show 
a considerably greater oxidase activity in the colorimetric assay, apparently 
due to the instability of the oxidase in diluted tissue homogenates. 

Table III also summarizes determinations by the colorimetric procedure 
on rat organs from unselected stock Wistar strain rats. The most striking 
difference in the relative oxidase activities of the tissues as determined 
by our method and by older methods (cf. Schneider and Potter (13)) is in 
the very high value found for kidney, although values for brain and liver 
are also somewhat higher. 

Micro Modification—The colorimetric method is easily reduced in scale 
to small volumes, thus the following technique for oxidase analysis of 
histological sections has been devised for rat heart. Concentrations of 
the reagents were kept the same as in the macromethod described, but the 
cytochrome c and buffer were combined to give fewer volume measure- 
ments. The reaction mixture consisted of 40 ul. of leuco dye, 40 ul. 
of 1 X 10~ m cytochrome c in 0.2 m phosphate buffer (pH 7.0), and 40 
ul. of enzyme preparation, and the rate measurements were carried out 
in a constant temperature room with micro cuvettes and a Beckman 
spectophotometer adapted according to Lowry and Bessey (15). Rate 
curves were found to be as satisfactory as in the macrotechnique. 

The tissue was prepared for testing by grinding frozen microtome 
sections, 2 mm. square and 10 yu thick, in 50 ul. of water in a small glass 
homogenizer. The chief difficulty was in preventing deterioration of the 
very dilute homogenate during grinding and subsequent work, which 
required that the grinder be kept ice-cold and that the assay be run as 
soon as possible after grinding. With this technique it was possible to 
measure the oxidase activity of slices weighing about 40 y satisfactorily; 
hence the technique might be useful for localization of cytochrome oxidase 
in particular cell structures as has been done by Linderstrgm-Lang with 
arginase and peptidase. 


DISCUSSION 


The proposed colorimetric method for cytochrome oxidase has several 
advantages. It requires much less time than manometric methods, and 
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is not only economical but also minimizes enzyme deterioration. It js 


considerably more sensitive on the same volume scale, and at the same time _ 


is more easily reduced in scale; thus at rates measured with comparable | 
precision the colorimetric method requires one-third to one-fourth 4s 
much enzyme as the manometric with a reaction time of $ minute instead 
of at least 15 minutes. For the same reaction time, the sensitivity of the 


colorimetric method is about 100 times as great. The colorimetric meas. — 


urements can be made in any photoelectric instrument of sufficient sengi. 
tivity at a substantially lower cost in apparatus. 
The relative oxidase activities of rat tissues as determined by the leuco 


dye method were somewhat different from those reported previously in _ 
which hydroquinone, ascorbic acid, or p-phenylenediamine were used a3 _ 
cytochrome reductants. Some of the differences are undoubtedly due to — 


a greater instability of the oxidase in some tissue homogenates than others, 
but there were also variations among the other methods and no single 
reductant has an obvious theoretical advantage over the others, and each 


has its own practical advantages. It is not clear, in fact, why the added | 
reductant should affect the rate, when it is present in excess, if its reaction — 


rate with oxidized cytochrome c is not limiting, and if it or its oxidation 


product does not inhibit the enzyme. The latter is known to be a serious — 
problem with hydroquinone, since the quinone is a powerful oxidase — 


inhibitor. It is very unlikely that this is true of the leuco dye system, since 


large increases in the per cent of oxidized dye did not affect the rate as — 
long as the system was kept saturated with leuco dye. In the colorimetric — 


method only about one-sixtieth the concentration of the oxidized substrate 
is formed during the reaction as in the manometric method. 
Experience with the new method applied to rat tissue homogenates and 


various pig heart muscle preparations has pointed strongly to the de — 


pendence of oxidase activity on the physical state of the particles with which — 


it is associated. It has been shown at least with liver cells that the bulk 
of the oxidase is on the large granules (16, 17) and that the latter are very 
sensitive to changes in salt concentration as judged by microscopic appear- 
ance (18). Earlier reports and our own studies might be interpreted 
that the salt effect was on the oxidase itself or on the physical state of the 
particles which may alter the efficiency of the whole complex of enzymes 
associated with these structures. Another line of corroborative evidence 
comes from the effect of bile salts on oxidase preparations. Unpublished 
work in this laboratory has shown that low concentrations of cholate and 
desoxycholate cause up to 100 per cent increase in oxidase activity 
determined either colorimetrically or manometrically. This effect seems 
to be correlated with the dispersing and clarifying action up to certail 
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cholate levels, but above these levels inhibition occurs. The character- 
istic changes in the activities of homogenates on aging may result from 
physical changes in the particles. In several cases with liver preparations, 
in fact, these changes have been shown to be reversible. Stock homoge- 
nates Which had dropped 25 to 30 per cent in activity overnight were 
found to rise again on dilution to about the original level after a few 
minutes at 30°. 

The variation in relative oxidase activites among tissues with different 
substrates may also be associated with the physical state of the particles. 
Asa result of the marked salt effect on the oxidase, its instability, and the 
dependence of activity on the physical state of the enzyme, cytochrome 
oxidase determinations must be rigidly controlled and are as yet highly 


SUMMARY 


A colorimetric method for the rapid determination of cytochrome oxidase 
is described in which the substrate, cytochrome c, is kept reduced by 
leuco-2 ,6-dichlorobenzenoneindo-3’-chlorophenol, and the rate of oxi- 
dation is measured photometrically by the appearance of oxidized dye 
color. Under the conditions described the rate is linear for 30 to 60 
seconds and is directly proportional to enzyme concentration. 

Optimal levels of leuco dye and cytochrome c were determined and it 
was found that oxidase preparations showed a distinct salt effect with 
optimal activity at osmotic concentrations of 0.08 to0.12 mM. Investigation 
of the preparation and preservation of homogenates emphasized the neces- 
sity for speed for which the present technique is well adapted. Com- 
parison of manometric and the proposed colorimetric methods showed 
that considerable loss in oxidase activity may occur with the former. 
The new method, inherently more sensitive, has been further reduced in 
sale so that oxidase determinations may be made on small microtome 
sections of tissues. 
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PROTECTION OF GLYCOLYSIS IN MOUSE BRAIN 
HOMOGENATES BY AMIDES AND ESTERS OF 
AMINO ACIDS* 


By I. KRIMSKY anp E. RACKER 


(From the Department of M icrobiology, New York University College of Medicine and 
College of Dentistry, New York) 


(Received for publication, March 3, 1949) 


It has been shown previously that glycolysis of mouse brain homogenates 
is impaired in a characteristic manner by a variety of apparently unrelated 
substances. Certain neurotropic viruses, proteolytic enzymes, and ferrous 
or zinc salts markedly inhibit the utilization of glucose under specific con- 
ditions (1, 2). Because of the similarity between the effect of ferrous salts 
and that of proteolytic enzymes, the possibility was considered that a 
eathepsin-like enzyme may be present in mouse brain which is activated by 
iron salts and which in turn inactivates a glycolytic enzyme. Such an 
“inactivating factor’’ requiring iron salts and a reducing agent such as as- 
corbic acid was found in repeatedly washed and dialyzed particles of mouse 
brain homogenates. The glycolytic enzyme most rapidly inactivated by 
this factor was identified as glyceraldehyde phosphate dehydrogenase. Ad- 
dition of crystalline preparations of this enzyme was found to restore glyco- 
lytic activity to mouse brain homogenates inactivated by either metal 
salts, neurotropic viruses, or proteolytic enzymes. 

It was thought desirable to find a small molecular substance, either a 
peptide or an amino acid derivative, which would compete with glyceral- 
dehyde phosphate dehydrogenase for the proteolytic enzyme (inactivating 
factor) and thus protect the glycolytic enzyme from inactivation. Since 
the inactivating factor of mouse brain showed similarities to cathepsin III 
with regard to its activation by reducing agents, L-leucinamide, the known 
synthetic substrate for this enzyme, was tested and found effective in pro- 
tecting glycolysis in the presence of iron salts. 

It is the purpose of this paper to report on the protective action of L- 
leucinamide and other amino acid derivatives on the glycolytic system of 
mouse brain and also to present further data on the iron-activated factor 
of brain and its relation to cathepsin III purified from beef spleen. 


Methods 


The preparation of actively glycolyzing mouse brain homogenates and of 
the necessary coenzymes was carried out as described previously (1, 2). 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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Amino Acid Derivatives-——Glycine ethyl! ester and N-phenylglycine ethy! 


ester were commercially obtained preparations. The other esters of amino — 
acids used in this study were prepared by treating the amino acids in gb. | 


solute ethyl aleohol with dry HCI and evaporation of the esters to dryness 


in vacuo. The amide hydrochloride of L-leucine was prepared from jts 


ester (3) and recrystallized from alcohol-benzene. 

Commercially obtained amino acids as well as the esters and amides pre. 
pared from them contained iron salts as contaminants which were readily 
detectable by the a,a’-dipyridyl color reaction. To remove the iron salts, 
the amides were dissolved in water and treated with an excess of 8-hydroxy. 
quinoline which was then removed by repeated extraction with chloroform. 
The solvent was removed by evaporating the amide solution to dryness in 
vacuo. The iron salts were removed from the esters by the addition of 
equivalent amounts of calcium chloride and phosphate buffer at pH 78. 
The mixture was warmed to 80° and filtered (4). Occasionally a short 
treatment of the mixture with hydrogen sulfide was necessary to facilitate 
removal of the iron. 

Cathepsin III—The preparation of cathepsin III from beef spleen was 
carried out according to the method described by Fruton and Bergmann 
(5). The preparation was further purified by the following procedure: The 
ammonium sulfate paste obtained by the method of Fruton and Bergmann 
(5) was dissolved and dialyzed against 1 per cent potassium chloride over- 
night. The precipitate which formed was removed by centrifugation and 


discarded. The supernatant was adjusted to pH 4.5, heated rapidly to@ | 


by placing it in a water bath at 80° with vigorous continuous stirring, and 
then maintained in a 60° water bath for 5 minutes. After rapid cooling 
the mixture was filtered and the precipitate discarded. 

No loss of activity occurred during this procedure. On the contrary, 
quite consistently an increase in total activity was obtained, probably due 
to the removal of an inhibitor. The supernatant was then dialyzed against 
1 per cent KCl at pH 4.5 for 3 hours with mechanical stirring and was agai 
centrifuged. The clear supernatant was fractionated with alcohol at -€. 
The fraction precipitated by alcohol concentration of 30 per cent was col 


lected. Occasionally it was observed that the fraction obtained betweet — 
30 and 45 per cent alcohol concentration showed a higher specific activity — 


than that of the 30 per cent alcohol precipitate. For most of the exper: 
ments described in this paper, the fraction precipitated at 30 per cent aleo 
hol was used after dialysis for 1 hour with stirring against 1 per cent KC 
at 2°. The preparations lose activity on storage even at 0°; however, they 
retain undiminished activity for several months when stored in a dry-ice 
box at —70°. 

Inactivation Factor (JF)—In most experiments the preparations of the 
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inactivating factor used were obtained by homogenizing mouse brains in 10 
volumes of 0.01 M potassium phosphate buffer of pH 7.4 at 0°, centrifuging, 
and washing the particles twice with the same buffer in the cold. The 
washed particles were suspended in one-fourth the original volume of the 
homogenate and 0.2 to 0.4 ml. was used to inhibit glycolysis. To remove 
iron salts the preparation was treated as described below. 

Determination of Enzymatic Activity —The enzymatic hydrolysis of amides 
of amino acids was measured by two methods. In earlier experiments the 
formol titration method (6) with phenolphthalein as indicator or potentio- 
metric measurements were used. Later a quantitative ninhydrin reaction 
(7) was employed to determine the hydrolysis of L-leucinamide. Since 
with this method both products of the hydrolytic reaction, L-leucine and 
ammonia, give the color reaction, the sensitivity of the reaction is nearly 
doubled. Corrections for residual L-leucinamide after hydrolysis were 
made. Since the amide gives only a small fraction of the color intensity 
obtained with either L-leucine or ammonia, the correction factor is small. 

The hydrolysis of the amino acid esters was followed potentiometrically 
(8), as will be described later in this paper. 


Results 


Properties of Inactivating Factor (IF) Present in Mouse Brain—In fresh 
mouse brain homogenates the factor which is responsible for the inhibition 
of glycolysis requires the addition of iron salts for its activation. All at- 
tempts to purify IF resulted at first in spontaneous activation, so that 
addition of iron salts was no longer necessary. Spontaneous activation of 
IF is probably due to the release of iron from tissue components. The 
spontaneous activation is reversible, since addition of iron salts is again 
required following dialysis against hydrocyanic acid at pH 6.5. To remove 
iron completely, dialysis for 4 to 5 days with frequent changing of the hydro- 
eyanic acid is required. The cyanide is then removed by further dialysis 
against 0.01 m potassium phosphate at pH 6.5. To reactivate preparations 
rendered iron-free by dialysis against cyanide requires addition not only of 
iron but also of cysteine or ascorbic acid (see Table 1). Dialysis at neutral 
or slightly alkaline pH resulted in inactivation which was no longer reversed 
by the addition of iron salts and reducing agents. 

It has been shown previously (2) that, in order to obtain reproducible in- 
hibition of glycolysis by iron salts, a preliminary period of incubation of the 
brain homogenate in the presence of iron salts is required (20 minutes at 
38°). After this period, the coenzymes are added to start glycolytic ac- 
tivity. It can be seen from the data shown in Table I that IF prepared 
as described above, activated by iron salts and ascorbic acid, exerts a direct 
inhibitory effect on glycolysis without preliminary incubation of the brain 
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homogenate. Full activation of this cathepsin-like enzyme is achieved only 
by addition of both ferrous sulfate and ascorbic acid. Ferrous sulfate or 


ascorbic acid alone does not fully activate the inactivating factor. Ferroys _ 
sulfate and ascorbic acid added without IF have little or no effect on gly. 


colysis of brain homogenates. 

Attempts at purification of IF did not yield consistent results. Sonic 
vibration, salt extraction, use of protamine, and lyophilization failed to 
vield reproducible preparations of soluble inactivating factor. 


TABLE I 
Effect of Ferrous Sulfate and Ascorbic Acid on Inactivating Factor 


0.3 ml. of brain homogenate in 0.01 M potassium phosphate of pH 7.4; 0.1 m 
of 0.24 m glucose; 0.1 ml. of 0.16 a KHCQO,; 0.1 ml. of 0.2 mM ammonium phosphate 


of pH 7.6; 0.1 ml. of 0.07 m MgCl.; 0.1 ml. of 0.01 m adenosine triphosphate; 0.1 ml. 


of 4 per cent nicotinic acid amide; 0.1 ml. of 0.8 per cent diphosphopyridine 
nucleotide (60 per cent purity). Incubated for 60 minutes at 38°. 0.1 ml. of 
0.005 per cent of ferrous sulfate-7H,O and 0.1 ml. of 0.15 per cent ascorbic acid 


neutralized before use were added to 0.2 ml. of the inactivating factor when | 


indicated. 
Lactic [Inhibition 
Tissue preparation Addition acid of 
glycolysis 
| mg. per cent 
Brain homogenate | | 2.2 
Ferrous sulfate | 2.2 


as Ascorbic acid | 2.0 9.0 

| “a “ + | 2.0 9.0 
ferrous sulfate | 

Ferrous sulfate ' 1.75 | 2.0 

| Ascorbic acid 1.25 | 4.0 

a6 


“ “ + inactivating factor 
“ 
“ “ tp “ “ “ + | 0.45 8.0 


ferrous sulfate 


Similarities of Inactivating Factor to Cathepsin 111—The inactivating fae 
tor of mouse brain has been shown to affect the enzyme proteins glyceralde- 


hyde phosphate dehydrogenase and phosphofructokinase (2). A proteo — 


lytic change was considered, therefore, as one of the likely possibilities. 


The hypothesis was further strengthened by the observation that certair 
proteolytic enzymes exert an effect similar to that of IF (2). Furthermore, 
preparations of the inactivating factor are stable when dialyzed at an acid 
pH but lose activity at an alkaline pH in a manner similar to the tissve 
cathepsins. In the studies of Fruton and Bergmann (5) the splitting ¢ 
synthetic substrates by cathepsins and the activation of these enzymes br 
either ascorbic acid or cysteine was used as a basis for classification. Thus 
cathepsin I required neither cysteine nor ascorbic acid, cathepsin II required 


| 
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cysteine and was not activated by ascorbic acid, and cathepsin III could 
be activated by either cysteine or ascorbic acid. The specific substrate 
used by Fruton and Bergmann for cathepsin III was L-leucinamide. 

The inactivating tactor of mouse brain is activated by either cysteine or 
ascorbic acid and in this respect it resembles cathepsin II]. Furthermore, 
preparations of cathepsin IIT when added to normal mouse brain homoge- 
nate cause an inhibition of glycolysis similar to that observed with IF (2). 
For these reasons, a comparative study of cathepsin II] and IF was carried 
out. 
Cathepsin III was purified from beef spleen as described above. The 
preparation still contained considerable amounts of bound iron which could 
not be removed on dialysis. The addition of a,a’-dipyridy] to the cathep- 
sin preparation resulted in pronounced inhibition of L-leucinamide hydroly- 
sis. Inhibition by a,a’-dipyridyl has been used (9) to demonstrate activa- 
tion of enzymes by metals. ‘Thus, a participation of metals in the activity 
of spleen cathepsin III is suggested by these results. 

Attempts were made, therefore, to remove the iron salts from the cathep- 
sin preparations. Successful removal of the iron salts was accomplished 
by dialysis against a,a’-dipyridyl and a reducing agent. The treatment, 
however, resulted in irreversible inactivation of the cathepsin and all at- 
tempts to reactivate the enzyme by means of iron salts and reducing agents 
failed. 

Effect of Amides and Esters of Amino Acids on Inhibition of Glycolysis by 
Ferrous Sulfate-—Because of the similarities of cathepsin III and the inac- 
tivating factor of brain the effect of L-leucinamide on brain glycolysis was 
tested. It was hoped that a substance which is attacked as slowly as the 
synthetic amides might have an inhibitory effect on proteolysis by competi- 
tion for the enzyme and thus protect the glycolytic enzymes. It was found 
that addition of L-leucinamide to brain homogenate protected the glycolytic 
activity from the inhibition by iron salts. On the other hand glycylleucin- 
amide, leucine peptides, glutamine, and asparagine were found inactive. 
Benzoylargininamide, generally used as a substrate for trypsin, had only 
slight protective activity. Leucine ethyl ester and some other amino acid 
esters, on the other hand, were found to be fully as effective as L-leu- 
tinamide. A list of substances tested is shown in Table II. It may be 
noted that N-phenylglycine ethyl ester was the most active of the com- 
pounds tested. 

The possibility was considered that L-leucinamide and the other active 
compounds might exert their protective effect by binding the iron and thus 
preventing its action. However, a 5-fold increase in ferrous sulfate con- 
centration did not alter the protective effect of L-leucinamide when the 
latter was used in suboptimal concentration. This finding makes it un- 
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likely that a direct interaction between iron salts and L-leucinamide is re. 
sponsible for the protective action. Moreover, when cathepsin III was 


added directly to glycolyzing brain homogenates, a partial protection was _ 


obtained with t-leucine ethyl ester (Table I1]). 


Tasie Il 


Protective Effect of Peptides, Amides, and Esters of Amino Acids on Glycolysis of | 


Brain Homogenates 


The experimental conditions were as in Table I except that the brain homogenates 
were incubated for 20 minutes at 38° in the presence of 0.1 ml. of 0.24 M glucose, 0.1 
ml. of 0.005 per cent ferrous sulfate-711,0, and the peptides, amides, and esters 
of the amino acids tested. After this preliminary incubation, the buffers and coep- 
zymes were added and the mixture reincubated for 60 minutes. 


Compounds tested | Protective activity 


Peptides | Glycylglycine, leucylglycine Inactive 
Glycylleucine, glycylserine 
Glycylasparagine 

Leucylglycylglycylglycine | 
p-Alanylglycine 
| Glutathione | Very active 
Amides Leucinamide | Active 
Benzoylargininamide | Weakly active 
Glutamine, asparagine Inactive 
Malonamide | Weakly active 
| Urea Inactive 
Glycylleucinamide 
Carbobenzoxyglycylleucinamide | 

Esters Leucine ethy! ester Active 
Valine ethyl ester 1 
Glycine ethyl ester Xs 
Glycylglycine ethyl ester | 

| Cysteine ethyl ester 
N-Phenylglycine ethyl! ester Very active 


Unless specified the L-amino acid derivative was tested. We wish to thank Dr. 


M. Levy for his generous gift of the peptides listed and Dr. E. Smith for the glyeyl _ 


leucinamide and the carbobenzoxyglycylleucinamide. 


A similar though less pronounced protection of glycolysis by the same 


amino acid esters, among which N-phenylglycine ethyl ester was the most _ 
active, was obtained in brain homogenates of mice infected with Theiler — 


FA mouse encephalomyelitis virus 

Esterase Activity of Cathepsin 111 Preparations—In using the esters d 
amino acids, it was hoped they would act as competitive inhibitors rather 
than as substrates for the proteolytic enzymes. At the time these & 
periments were in progress, Schwert, Neurath, Kaufman, and Snoke @) 
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| 


1. KRIMSKY AND E. RACKER 909 


reported that crystalline preparations of trypsin possessed very high ac- 
tivity in catalyzing the splitting of a-benzoyl-t-arginine methyl ester and 
provided convincing evidence for the amidase and esterase activity of 


It was of interest, therefore, to test the possibility that the esters of the 
amino acids used in the present study might be split by cathepsin prepara- 
tions and thus act as substrates rather than as non-hydrolyzable competi- 
tive inhibitors. 

It was found that the crude brain homogenates as well as the purified 
cathepsin preparation readily hydrolyze L-leucine ethyl ester. The ester- 
ase activity tests were carried out with a Beckman model G pH meter, 
essentially as described by Schwert et al. (8). Citrate buffer in 0.005 m 


Taste 
Protective Effect of Leucine Ethyl Ester on Glycolysis by Brain Homogenates 
The experimental conditions are asin Table II. Addition of about 3 to 5 mg. of 
the purified cathepsin preparations was required to give pronounced inhibition of 


brain glycolysis. 0.3 ml. of al per cent solution of leucine ethyl ester was added 
when indicated. 


| Lactic [Inhibition 
Tissue preparation Addition acid 
produced glycolysis 
me. per cent 
Brain homogenate 2.0 
Leucine ethyl ester 2.0 
+ ferrous sulfate | 60.0 
Leucine ethyl ester 1.5 25.0 
+ cathepsin III 0.45 77.0 
+ Leucine ethyl ester 1.25 37.0 


final concentration was used at pH 5.3 as the null value. Ascorbic acid 
was always added to give a 0.04 mM concentration. To test the effect of iron 
salts, 1.8 X 10-* mM ferrous sulfate was added. ‘The substrate concentration 
was0.05m. With this excess amount of L-leucine ester the rate of hydroly- 
sis followed a zero order reaction and was proportional to the amount of 
enzyme added (see Fig. 1). The enzyme preparation of cathepsin III used 
in this experiment was purified as described above. 

This rapid and convenient test system was used to follow the esterase 
activity during purification. At several stages in the procedure compari- 
son of the esterase activity with the activity in splitting L-leucinamide was 
made. The esterase and the amidase activity were not separable by frac- 
tionation and the specific activity against both substrates was increased to 
the same extent during the process of purification. The pH optimum of 
the esterase activity is approximately 5.4 (see Fig. 2). The same optimum 
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is reported by Fruton and Bergmann for the amidase activity. The 
Michaelis constant for the esterase activity with L-leucine ester as substrate 

is 1.1 X 10-*. Both the esterase and amidase activities are destroyed by | 
temperatures above 60° but withstand this temperature for 5 minutes with. 
out apparent loss of activity. Both esterase and amidase are activated _ 


we 1.2 
HE 
Eos 7 


0.2 0.50 0.75 100 


0.10 Ps 
/ a ML.OF ENZYME SOLUTION 
0.08 | > a 


ML. OF 0.138 N KOH ADDED 


0.02 


.) 5 10 15 20 25 30 35 
MINUTES 
Fic. 1. Esterase activity of cathepsin III preparations from beef spleen. Meas 
urements as described in the text at pH 5.4; hydrolysis of leucine ethyl ester by 
various concentrations of cathepsin III; temperature 25°. 


by ascorbic acid. From this evidence it appears likely that cathepsin, 2 | 
analogy to trypsin (8), has esterase as well as proteolytic activity. How 
ever, in the case of cathepsin, definite proof for this is lacking, since the 
enzyme preparations are still impure. 

Substrate Specificity of Esterase—In the search for competitive inhibitor 
of proteolysis in brain homogenate a number of esters were tested. These 
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These Fic. 3. Comparison of hydrolysis of cysteine ethyl ester and leucine ethyl ester 
by spleen cathepsin preparations (pH 5.4) and brain homogenates (pH 7.4). 
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esters were now tested as possible substrates for the cathepsin III preparg. 
tion. Of these, cysteine ethyl ester was found to be more rapidly hydro. 
lyzed than L-leucine ester. Glycine ethyl ester was also hydrolyzed by the 


cathepsin III preparation but at a slower rate. The other esters listed jn | 


Table II showed little or no hydrolysis by the enzyme preparation. 

Esterase Activity of Brain Homogenates—Since the studies of glycolysis 
were carried out at pH 7.4, the effect of fresh mouse brain homogenates 
was tested at this pH on some of the amino acid esters. Cysteine ethy! 
ester was hydrolyzed most rapidly and L-leucine ethy! ester was split at 
about half the rate. The results are recorded in Fig. 3, and comparative 
data with spleen cathepsin are also shown. 


DISCUSSION 


It has been postulated (2) that the inhibitory effect of iron salts and cer. 
tain neurotropic viruses on glycolysis is due to the activation of a proteo- 
lytic enzyme present in brain homogenates. This hypothesis was based 
on similarities between the inhibitory effect of iron salts on glycolysis and 
that exerted by certain proteolytic enzymes. In either case it was possible 
to restore the glycolytic activity by addition of crystalline glyceraldehyde 


phosphate dehydrogenase. The evidence presented in this paper seems to _ 


strengthen further the hypothesis that the inhibition of glycolysis is due to 


proteolysis. The iron-activated factor purified from mouse brain homoge _ 
nates is in several characteristics similar to a tissue cathepsin. It is stable | 


at acid and unstable at alkaline pH and is activated by reducing agents 
such as cysteine and ascorbic acid. 

The latter observation led to a comparative study of the inactivating 
factor and cathepsin III, an enzyme purified from beef spleen by Fruton 
and Bergmann (5). Cathepsin III, like the inactivating factor of mouse 
brain, is activated by cysteine or ascorbic acid. The synthetic substrate 
used by Fruton and Bergmann for cathepsin III was L-leucinamide. It 
has been shown in the present study that L-leucinamide or t-leucine ethy! 
ester effectively protects glycolysis in the presence of ferrous sulfate or in 


the presence of cathepsin III, presumably by competing with the glyceral — 


dehyde phosphate dehydrogenase for the active center on the cathepsin. 
The sequence of events occurring in the inhibition of glycolysis in brain 
homogenates may be described as follows. Inhibition of glycolysis by fer 
rous sulfate, neurotropic viruses, or added cathepsin is due to the destruc 
tion of glyceraldehyde phosphate dehydrogenase which is the key enzyme 
of coupled phosphorylation (2). In the case of added cathepsin III prep 
arations, it is believed that glyceraldehyde phosphate dehydrogenase is i- 
activated directly by the proteolytic action of cathepsin III. In the cased 
iron salts or the neurotropic viruses a factor present in homogenates d 
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normal mouse brain is activated which then behaves like a cathepsin and 
destroys glyceraldehyde phosphate dehydrogenase. The action of some 
neurotropic viruses has been explained previously by the presence of con- 
siderable amounts of non-dialyzable iron in the purified virus prepara- 
tions (1). 

When tissues are homogenized for the purpose of metabolic studies the 
destruction of cells leads to disruption of the spatial relationship between 
enzymes and coenzymes and their substrates. Proteolytic enzymes are re- 
leased as well as enzymes capable of destroying coenzymes. This has been 
well recognized in the past few years. The destruction of coenzymes such 
as diphosphopyridine nucleotide, triphosphopyridine nucleotide, adenosine 
triphosphate, and flavin-adenine dinucleotide is known to account for many 
failures to obtain enzymatic activity in homogenates. Nicotinic acid amide 
can be used to protect the pyridine nucleotides and fluoride to delay the 
destruction of adenosine triphosphate. 

It has been shown in the present studies that in brain homogenates effec- 
tive protection for the protein substrate, the enzyme glyceraldehyde phos- 
phate dehydrogenase, can be obtained by the use of certain substrates or 
competitive inhibitors of low molecular weight. The protective effect of 
esters and amides of amino acids against the proteolytic destruction of a 
glycolytic enzyme is probably analogous to the inhibition of cozymase de- 
struction by nicotinic acid amide. While some of the esters and amides 
seem to be destroyed during the process, others, such as phenylglycine 
ethyl ester, are not hydrolyzed. Perhaps this fact explains why the latter 
compound is effective in much lower concentration than L-leucine ester 
which is itself hydrolyzed. 

The specificity of the protective effect of certain amino acid esters and 
amides is difficult to appraise at the present time. The structural resem- 
blance between some of the active compounds is remote, while other more 
closely related compounds are inactive. Further study, it is hoped, will 
determine whether or not the protective effect of the various esters is due 
to protection of the same or of different structures of the protein molecule. 

Some of the esters which protect the glycolytic process from inactivation 
by spleen cathepsin or from the iron salt inhibition are also effective in 
partially protecting against the inhibition observed in homogenates of the 
brains of mice infected with Theiler FA mouse encephalomyelitis virus. 
The investigations described in this and previous papers were carried out 
with the purpose of shedding light on the mechanism of neuron destruction 
during infection by certain neurotropic viruses. Jn vitro studies showed 
inhibition of glycolysis in the presence of virus which was traced to the de- 
struction of the enzymatic activity of glyceraldehyde phosphate dehydrogen- 
ase. Circumstantial evidence points to activation of a proteolytic enzyme 
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by the virus, although it should be emphasized that final proof for a proteo- 
lytic process is lacking. It is hoped that the protection by the amino acid 
esters, if a more effective competitive inhibitor can be found, may serve ag 
a tool for appraising the réle which the inhibition of glucose metabolism 
plays during the infectious process. 


SUMMARY 


1. The glycolytic activity of mouse brain homogenates is inhibited by 
an inactivating factor present in normal brain. This factor requires Fe* 
and either cysteine or ascorbic acid as activators. 

2. Asimilar inhibition of glycolysis is produced by cathepsin ILI purified 
from beef spleen. 

3. The inhibition of glycolysis produced by either a cathepsin III prep- 
aration or the inactivating factor of brain is prevented by the addition of 
certain amides and esters of amino acids. 

4. Cathepsin III preparations as well as homogenates of mouse brain 
hydrolyze the ethyl esters of L-leucine and L-cysteine. 
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MICROESTIMATION OF a-AMINO ACIDS WITH peri-NAPH- 
THINDAN-2,3,4-TRIONE HYDRATE 


Bry RADWAN MOUBASHER ano WILLIAM IBRAHIM AWAD 
(From the Faculty of Science, Fouad Ist University, Cairo, Egypt) 


(Received for publication, December 27, 1948) 


When free a-amino acids are heated with triketohydrindene hydrate 
(ninhydrin) (1) in neutral or slightly acidic medium, there are formed the 
corresponding aldehydes with 1 carbon atom less, ammonia, carbon dioxide, 
and diketohydrindylidenediketohydrindamine (II) (cf. Ruhemann (1)). 


| 
Cc OH 
Cc + R—CH—COOH — R—CHO + CO, + 3H,0 
| 
Cc OH NH, 
| 
O 
O 
| | 
C 
+ CH—N=C 
Cc Cc 
| 
O 


(IT) 


Recently, Moubasher and Mostafa (2) found that the reaction between 
ninhydrin and a-amino acids proceeds differently from that mentioned 
above, as two different compounds have been isolated, namely hydrindantin 
(IV) and bis-1 ,3-diketoindane (V), according to the accompanying scheme. 

Virtanen, Laine, and Toivonen (3) have described a quantitative method 
for the estimation of a-amino acids in protein hydrolysates based on the 
quantity of aldehyde liberated by means of ninhydrin. A method for the 
determination of free a-amino acids by titration of the carbon dioxide 
formed in the reaction with ninhydrin has been described by Van Slyke, 
MacFadyen, and Hamilton (4). It was also found that isatin in glacial 
acetic acid and chloramine-T at pH 2.5 may be used in place of ninhydrin 
(¢f. Van Slyke, Dillon, MacFadyen, and Hamilton (5)). 

915 


by 
ed 
1 of 
| 
| 
| 


O16 MICROESTIMATION OF @-AMINO ACIDS 


Moubasher (6) has used peri-naphthindan-2,3,4-trione hydrate (VI) 
as a new reagent for the quantitative determination of a-amino acids, as 
this reagent is able to decompose the a-amino acids quantitatively to 
the next lower aldehyde with 1 carbon atom less with the formation of 
ammonia, carbon dioxide, and dihydroxy-peri-naphthindenone (VII). 


O 
H 
Q + R—CH—COOH — Cc + R—CHO + NH, + CO, 
NH; OH 
(IIT) 
+ H,0 + 


(IV) 
(Iv) + — 2R—CHO + 2C0O, + 2NHs + 


OH O 
| | 
C 
2H,O + C—C 
C 
| | 
O OH 


(V) 


NH; 


fertlind (7) has developed a method for the microestimation of valine 
by its degradation with ninhydrin to isobutyraldehyde. The aldehyde 3s 
steam-distilled and then determined colorimetrically by Fabinyi’s reagent 
(8). It is not stated in Wertlind’s paper whether the Fabinyi reaction is 
given by the volatile aldehydes arising from other amino acids. We 
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have found that acetaldehyde, isovaleraldehyde, and benzaldehyde, which 
are formed through the degradation of alanine, aspartic acid, leucine, and 
phenylaminoacetic acid respectively, give Fabinyi’s reaction. 

In the present work it is shown that peri-naphthindan-2,3 ,4-trione 
hydrate may be used in place of ninhydrin for the degradation of alanine, 
valine, leucine, aspartic acid, and phenylaminoacetic acid, to their corre- 
sponding aldehydes with | carbon atom less according to the accompany- 
ing scheme (cf. Sch6nberg, Moubasher, and Mostafa (9), Moubasher (6), 
Moubasher and Awad (10)). 


OH 


| OH NH, 
O 
(VI) 
O 
C 
em + R--CHO + NH, + CO, 
OH 
(VII) 


In order to avoid possible loss of the distilling aldehyde, this quantitative 
degradation of a-amino acids to the corresponding aldehydes and the 
steam distillation are carried out in one apparatus in place of the two 
used by Wertlind. The apparatus is similar to that described by Virtanen 
etal. (3). The procedure may be adapted to the microestimation of the 
aldehydes mentioned above. 


EXPERIMENTAL 

Apparatus— 

1. Universal colorimeter (Ernst Leitz), illuminated by its ordinary eleec- 
tric lamp. 

2. Micro pipette of 1 cc. capacity. 

3. Reaction and distilling apparatus. A distillation flask (4) (10 ee. 
capacity) is attached to a separatory funnel (B) by a ground joint. The 
neck of the distilling flask is adapted with a capillary tube (C) by means of a 
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ground joint, through which « continuous current of carbon dioxide js 
passed during the reaction. D is a bulb condenser attached to the neck of 
the flask through a ground jomt.  £ is a bulb fitted to the condenser by 4 
ground joint, the end of which is dipped in a test-tube (F'), strongly cooled 
from the outside by an ice-salt mixture. 

Reagents— 

1. Citrate buffer (5), pH 4.7. Grind together 17.65 gm. of NasCsH,0,-- 
2H.0 and 8.4 gm. of CesHsO;-H,0 to a fine powder. 


c 


coz 7 


Fie. 1. Distillation apparatus 


2. A solution of freshly crystallized peri-naphthindan-2 ,3 ,4-trione hy- 


drate; 0.1 gm. per 100 ec. of distilled water. 

3. a-Amino acid solutions of the concentrations stated in Table I. 

4. Fabinyi’s reagent. (a) 16 cc. of freshly distilled salicylaldehyde 
made up to 250 cc. with absolute alcohol. (6) Exactly 10.5 ~ sodium 
hydroxide solution. 

Purification of peri-Naphthindan-2 ,3 ,4-trione Hydrate—The compound 
(prepared by Errera (11)) is dissolved in a minimum amount of hot water 
and ascorbic acid is added to complete the precipitation of dihydroxy- 
peri-naphthindenone (cf. Moubasher (12)). The precipitate is filtered of, 
washed with a few cc. of hot water, suspended in a few cc. of distilled water, 
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and treated with a saturated solution of bromine water. The color of the 
substance fades to a light yellow. Sufficient distilled water is then added 
and the suspension is boiled until the solid dissolves. The solution is 
filtered while hot, and the filtrate is concentrated in the presence of 2 
drops of bromine water and left to cool. Almost colorless needles are 
obtained, m.p. 270°. 


Procedure 


50 mg. of the solid buffer are placed in the flask (A). 1 cc. of the a-amino 
acid solution and 1 cc. of the peri-naphthindan-2 ,3 ,4-trione hvdrate solu- 
tion are added. Carbon dioxide is allowed to pass through for about 2 
minutes and then heating is carried out until half of the solution distills 


TABLE 
Estimation of Amino Acids with sli $,4-trione Hydrate 


| Concen-|Reading Concen- 
Amino acid ami of roy stand ‘ration 
ved hyde alde- | hyde | hyde 
ing alde- solution hyde solution solution 
hydes | | | | 
240 147 38.8) 37 31.5 | 30 | 150 
Leucine 2530 1683.8 4 20 2 62.3 155.7 
Phenylaminoacetic acid. 200 1544.6 3 32.0 41.6 35.4 46 153.3 
Aspartic acid 66 3 34.6 41 | 17.2 20.4 68 
200 3 35.9) 41 | 24.5 27.9 93 


Alanine...... 


oli. The color of the solution is orange at first, changing to red and lastly 
pink. Distilled water (4 ce.) is added during the distillation through the 
separatory funnel (B) in order to transfer the last traces of the aldehyde 
formed to the receiver. 

The distillate is diluted to 10 cc. with distilled water. A known amount 
icf. Table 1) of this solution is treated with Fabinyi’s reagent (2 ec. of 
sodium hydroxide solution and | cc. of salicylaldehyde solution). The 
mixture is placed in a water bath at 50° for 70 minutes, the orange-red 
color is developed, and the solution is cooled for 10 minutes and read 
against a solution of known concentration of the corresponding aldehyde 
treated with Fabinyi’s reagent under the same conditions. The color is 
stable for 24 hours. The reading is carried out with the Universal color- 
imeter. 

By the application of the equation, Ri/R: X C; = Co, the results recorded 
in Table I were obtained. R, = reading of the standard aldehyde solu- 
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tion; R. = reading of the distilled aldehyde solution; C; = concentration 
of the standard aldehyde solution; C; = concentration of the distilled 
aldehyde solution resulting from the equation. 


SUMMARY 


1. peri-Naphthindan-2,3 ,4-trione hydrate is used in the microestimation | 
of the following a-amino acids: alanine, aspartic acid, valine, leucine, and 
phenylaminoacetic acid. | 

2. Fabinyi’s reaction is given by acetaldehyde, isovaleraldehyde, and 
benzaldehyde and these aldehydes may be estimated colorimetrically. 
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In the course of genetic studies, a mutant strain of Escherichia coli was 
developed which is characterized by rapid fermentation and oxidation of 
maltose but not of glucose. Since this mutant offered an excellent oppor- 
tunity to investigate the so called direct utilization of disaccharides (1), a 
study of the enzyme systems involved in maltose decomposition was under- 
taken. 

Experiments with dry cell preparations from the mutant strain led to the 
conclusion that maltose is initially transformed to polysaccharide and 
glucose. This reaction is followed by the phosphorolytic decomposition 
of the polysaccharide and the usual sequence of glycolytic steps. While 
the work was in progress, Monod and Torriani reported the discovery of a 
polysaccharide-forming enzyme in E£. coli which they called ‘‘amylomal- 
tase” and described a method of separating it from other enzymes involved 
in fermentation (2). They showed that neither phosphate nor glucose-1- 
phosphate is involved in the transformation of maltose to polysaccharide 
and that the enzyme is adaptive in nature, being formed only when mal- 
tose is used as substrate for the bacteria. They represent the action of 
“amylomaltase’’ on maltose by the following equation: 


n maltose — n glucose + [glucose], 


Monod and Torriani further found that, if the glucose is removed as it is 
formed in the reaction, the polysaccharide produced is of the ‘‘starch’’ 
type, giving a blue complex with iodine. If, on the other hand, the glucose 
isallowed to accumulate, no product giving a blue color with iodine appears. 

The work presented in this paper deals with the integration of the action 
oi amylomaltase with other metabolic processes of the cell. We have 
demonstrated that the reaction catalyzed by amylomaltase is reversible 


* Supported in part by grants from the Corn Industries Research Foundation, 
the California State Fund for Cancer Research, and from the Wisconsin Alumni 
Research Foundation and the Rockefeller Foundation. 

t This is paper No. 389 in the journal series of the Department of Genetics. 
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and that the polysaccharide formed is phosphorolytically decomposed to 
glucose-l-phosphate. The reversibility of the reaction probably accounts 
for the low molecular weight of the polysaccharide formed in the presence 
of glucose. By taking advantage of this observation, short chain reducing | 
dextrins have been produced from maltose, and maltose itself has been _ 
synthesized from glucose and glucose-1-phosphate.' 

Amylomaltase appears to belong to the same group of enzymes for | 
which we have proposed the name “‘transglycosidases” (3) and which in. — 
cludes the dextran- and levan-forming enzymes of certain bacteria and the 
sucrose phosphorylase of Pseudomonas saccharophila. It is probable that 
this type of enzyme plays an important rdle in the biological decomposi- 
tion and synthesis of various carbohydrates. 


Materials and Methods 


The bacteria used in these experiments are all derived from Escherichia 
coli strain K-12. Strain Y-10 is a nutritional mutant requiring threonine, 
leucine, and thiamine, but fermentatively normal. Strain W-108 was 
isolated from populations of Y-10 treated with ultraviolet light on the 
indicator medium, eosin-methylene blue-lactose agar. This mutant is 
substantially unable to ferment lactose, glucose, or maltose. When large 
populations of W-108 were inoculated into a maltose synthetic medium, 
secondary mutations restoring the capacity to ferment this sugar were 
selected. For the most part, they proved to be reverse mutations to the 
Y-10 type, but one strain, W-327, was isolated which remained lactose- 
and glucose-negative, although maltose-positive. Genetic tests on W-327 
showed that its ability to utilize maltose was derived from a mutation at 
a locus different from that involved in the mutation from Y-10 to W-108 
(4). 

The bacteria (strain W-327) were grown on a rotary shaker in a medium 
containing | per cent peptone, 0.3 per cent beef extract, 0.5 per cent NaCl, 
and 0.5 per cent maltose. Dry cell preparations were made according te 
the method of Lipmann (5), the bacteria being harvested after 12 to 18 
hours of growth and dried in vacuo over P2Os. For enzymatic studies, 
suspensions of the dry cells were usually made in 0.1 a NaHCO; saturated 
with COs and incubated in an atmosphere of CO, at 30°. In the present 
work, no attempts were made to separate or purify the various enzymes 
involved in maltose metabolism. 

Determinations of reducing sugar were carried out with the method @ 
Hassid (6). Glucose was estimated from the decrease in reducing value 
after fermentation with Torula monosa. Maltose was determined from 
the difference between reducing values obtained after fermenting first with 


' Since the preparation of this manuscript, Torriani and Monod have shown the 
reversible nature of the amylomaltase reaction (14). 
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suspensions oi 7. monosa and then with Saccharomyces cerevisiae. For 
these tests S. cerevisiae was grown on yeast extract-maltose agar. Since 
there is some evidence that low molecular weight dextrins may be slowly 
attacked by S. cerevisiae, the fermentation was not allowed to proceed for 
more than 20 minutes after the rapid evolution of CO, had ceased. Even 
under these conditions, it is probable that the values for maltose when 
present together with dextrins may have been too high. 

Phosphoric esters of sugars were identified and estimated quantitatively 
by the methods described by Umbreit et al. (7). 


EXPERIMENTAL 
Utilization of Maltose by Intact Resting Cells 


The rates of oxidation and fermentation of maltose and glucose respec- 
tively were determined with resting cell suspensions in a Warburg respirom- 
eter. The bacteria were grown in yeast-maltose medium, and washed 
and suspended in 0.03 m phosphate buffer at pH 6.8 for experiments on res- 
piration and in 0.1 m NaHCO; for studies on fermentation. Oxygen up- 
take was determined in air, while fermentation was measured as CO; pro- 
duction from bicarbonate in an atmosphere of COs. 

In a typical experiment the following rates were observed: 


Fermentation Oxygen uptake 
Endogenqus 3 c.mm. COs per 5 min. 4 c.mm. per 5 min. 
0.0125 maltose 26 “ 5 “ 17 5 


To determine whether the entire maltose molecule is fermented, a heavy 
suspension of bacteria was allowed to ferment the sugar in a bicarbonate- 
phosphate mixture in an atmosphere of CO,. Determinations of residual 
maltose and tests for glucose were made periodically. The rate of mal- 
tose disappearance was found to be quite constant and no appreciable 
quantity of glucose could be detected at any time in the medium. The 
results can be summarized as follows in mg. per ml.: maltose initially pres- 
ent, 3.6; maltose after 45 minutes at 30°, 2.4; maltose after 90 minutes at 
30°, 1.2; maltose after 135 minutes at 30°, 0.1; maltose after 180 minutes 
at 30°, 0.0; and glucose, less than 0.1 mg. at any time. 


Maltose Fermentation with Dry Cell Preparations 


Dry cell preparations were found to carry out a vigorous fermentation of 
maltose. They also showed varying rates of endogenous fermentation, 
which presumably involves the decomposition of reserve carbohydrate. 
The rate of glucose fermentation was not appreciably higher than the en- 
dogenous rate. Fermentation was almost completely inhibited when either 
fluoride or iodoacetate was added. Since glucose-1-phosphate was thought 
to be a probable intermediate in the decomposition of maltose, the rate of 
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fermentation of this compound alone and together with glucose was also 
tested. The observed high rate of fermentation of glucose-1-phosphate 
was in agreement with the hypothesis that this phosphoric ester is involved 
in maltose fermentation. The results are shown in Table I. Glucose 
accumulated in the medium during the fermentation of maltose by dry 
cell preparations, a phenomenon which was not observed with intact cells, 


| | 
Fermentation of Sugars by Dry Cell Preparations of E. coli W-$27 


1.4 ml. of 3 per cent dry cell preparation in 0.1 m bicarbonate, 0.01 m phosphate, 
at pli 6.8, incubated in an atmosphere of CO; at 30°. Experiments | and 2 were 
performed with different batches of dry cells. 


E-xperi- ome 
ment Substrate | Other additions from bi- 
No carbonate 

| per 5 mia, 

1 | None 8 
0.05 M glucose ll 
0.025 ** maltose 49 
0.001 iodoacetate 2 
0.05 “ fluoride 6 
2 None 2 
0.05 m glucose 5 
0.025 ** maltose 31 
0.025 glucose + 0.025 M glucose-I-phos- | 

phate | 

0.05 m glucose-l-phosphate | 


In unpublished studies with Lactobacillus bulgaricus it had previously 
been shown that glucose was not fermented rapidly by dry cell preparations 
of bacteria grown with lactose as substrate. However, the addition of 
small amount of lactose or galactose caused not only the fermentation d 
these sugars, but also a subsequent rapid fermentation of glucose. To 
learn whether a similar situation occurs in the fermentation of maltose by 
preparations of strain W-327, minute amounts of maltose were added te 
gether with a large quantity of glucose. In all cases, rapid fermentation 
was observed only for a short time and the amount of CO, evolved was 
proportional to the amount of maltose added. This indicates that mal- 
tose does not act as a “starter” for glucose utilization by such dried prep- 
arations. 

It could be shown that phosphate is esterified during the fermentation 
of maltose. However, in the absence of metabolic inhibitors, the uptake 


of orthophosphate was not very great, and usually somewhat irregular. — 


In the absence of substrate or in the presence of glucose, phosphate was 
also esterified but at a considerably lower rate. When fluoride, and & 


} 
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pecially when iodoacetate, was added together with maltose to the bac- 
terial preparations, a very significant uptake of orthophosphate was 
observed. Under similar conditions, little or no esterification occurred 
without substrate or with glucose (see Table II). 

In experiments in which glucose-1-phosphate was added to the dry cells 
it was found that this compound disappeared very rapidly, while glucose- 
6-phosphate, fructose-6-phosphate, and a polysaccharide which gave a 
brown to blue color with iodine appeared in the medium. This indicates 
that phosphoglucomutase, phosphohexoisomerase, and a phosphorylase 
similar to those found in muscle and potato are present in the bacteria. 
It is known that fluoride interferes with the enzyme phosphoglucomutase 
which converts glucose-l-phosphate into glucose-6-phosphate. It was 
therefore expected that the addition of fluoride, but not of iodoacetate, 
would decrease the rate of conversion of glucose-1-phosphate to other esters, 
and consequently increase polysaccharide formation. ‘This was found to 
be the case with the dry cell preparations. 


Polysaccharide Formation from Maltose 


When dry cell preparations treated with iodoacetate to prevent fer- 
mentation were allowed to act on maltose in the absence of added phos- 
phate, glucose and polysaccharide were produced rapidly. In some exper- 
iments, approximately 1 mole of glucose was formed per mole of maltose 
decomposed. ‘This is in agreement with the postulated equation for amyl- 
omaltase action. In most experiments, however, the ratio was found to 
be somewhat less than unity, but in no case less than 0.76. It is possible 
that errors in the determination of maltose and of polysaccharide, some 
sources of which have already been mentioned, may have contributed to 
the low ratios. However, a perfectly reasonable explanation for such re- 
sults lies in the nature of the polysaccharide produced in the presence of 
glucose. This will be discussed later in the paper. 

The polysaccharide produced from maltose did not give a blue color with 
iodine. This was in agreement with Monod’s observation that iodine- 
colored polysaccharide is not formed if glucose is allowed to accumulate 
during the reaction. The following experiment was carried out to eluci- 
date the nature of the polysaccharide produced under these conditions. 
40 ml. of a mixture containing approximately 3 per cent dry cells, 0.1 
u NaHCO, 0.002 m sodium iodoacetate, and 0.2 M maltose were incubated 
at 30° for 180 minutes in an atmosphere of COz. The reaction was stopped 
by the addition of trichloroacetic acid to a concentration of 6 per cent. 
The precipitate was extracted with 6 per cent trichloroacetic acid and the 
supernatants combined. The supernatant solution was passed through 
lon exchange columns and concentrated by vacuum distillation. It was 
then analyzed for free glucose, maltose, and total glucose released by acid 
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hydrolysis. The following results were obtained in micromoles per mj: 
initial maltose, 192 + 2; maltose decomposed, 114 + 3; free glucose pro. 
duced, 112 + 2; and glucose as polysaccharide, 116 + 3. 

The major portion of the solution was then fermented with S. cerevisiag 
to remove maltose and glucose, again passed through ion exchange col- 
umns, and evaporated to dryness under a vacuum. The remaining mate. 
rial was separated into three fractions on the basis of solubility in alcohol, | 
A minor fraction (No. 1) (100 mg.), soluble in hot absolute alcohol, was 
syrupy and could not be properly characterized. Fraction 2, soluble in hot 
95 per cent alcohol but not in absolute alcohol, and the remaining material, 
which was insoluble in 95 per cent alcohol but soluble in hot 85 per cent 
alcohol, contained most of the polysaccharide. 300 mg. were recovered 
in Fraction 2 and 220 mg. in Fraction 3. Both Fractions 2 and 3 were 
white solids and consisted almost entirely of short chain reducing dextrins. 
Neither substance formed an insoluble osazone. | 

Fraction 2 had a reducing value to alkaline ferricyanide corresponding 
to 44.7 per cent of an equivalent amount of glucose. Acid hydrolysis of 
this material yielded 87.5 per cent of the theoretical amount of glucose, 
while hydrolysis with 6-amylase resulted in its breakdown chiefly to mal- — 
tose (83.7 per cent of the theoretical reducing value). Glucose and mal- 
tose were identified by their characteristic osazones. Oxidation with 
hypoiodite indicated that, on the average, 1 out of 4 glucose units of this 
dextrin possessed a free carbonyl group. Assuming one reducing group 
per molecule, the average molecular weight of the substance was found to 
be 675 by this method. The theoretical value for an unbranched dextrin 
of 4 glucose units is 664.3. Its specific rotation (c, 2 per cent) in water was 
falJp = +145°. The average molecular weight of the acetylated matenal 
as determined by Niederl and Niederl’s modification of Rast’s method (8) 
was found to be 1215 (theoretical for 4 glucose units, 1255). 

Fraction 3 had a reducing value corresponding to 42 per cent of an equal 
amount of glucose and gave yields of 90.7 per cent of the theoretical amount | 


of glucose or 89.4 per cent of maltose when hydrolyzed with acid or with | 
B-amylase respectively. Its specific rotation in water (c, 2 per cent) was 
+162°. Oxidation of the compound with hypoiodite (9) indicated thatit |. 
consists of 6 or 7 glucose residues having a molecular weight of 1110. The 


theoretical values for unbranched dextrins of 6 and 7 glucose units respet- 
tively are 990 and 1152. The average molecular weight of the acetylated 
product was found to be approximately 1400, with some decomposition 
occurring during the determination. The theoretical values for acetylated 
~ unbranched dextrins of 5 and 6 glucose units are 1543 and 1831 respec 
tively. 
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Phosphate Esters Produced in Decomposition of Maltose 


In the presence of maltose, added inorganic phosphate was esterified at 
g rate considerably lower than that of the decomposition of the disaccha- 
ride. The phosphorolytic nature of this esterification was indicated by 
the fact that the addition of fluoride and iodoacetate did not prevent the 


_ uptake of phosphate. To determine the nature of the phosphate esters, 
mil. of a 3 per cent bacterial suspension containing 0.2 m maltose, 0.1 m 
- NaHCO;, 0.083 m Sgrensen phosphate buffer at pH 6.8, and 0.002 m so- 


dium iodoacetate were incubated for 240 minutes at 30° in an atmosphere 
of CO.. Enzyme action was stopped by the addition of trichloroacetic 
acid and the phosphate esters precipitated with barium. 93 per cent of 
the esterified phosphorus was recovered in the barium-soluble fraction 
and was composed almost exclusively of glucose and fructose monophos- 


| phates. The amounts of the three principal products of the reaction, de- 


termined by the usual methods and corrected for values obtained in the 
absence of maltose, were found to be 3.4 uM per ml. of original digest for 
glucose-1-phosphate, 21.2 for glucose-6-phosphate, and 4.4 for fructose-6- 
phosphate. 

Determinations of reducing values and of the rate of hydrolysis of the 
esters with acid were in agreement with these values. The formation of 
the three esters again indicated the presence of a phosphorylase, together 
with phosphoglucomutase and phosphohexoisomerase in the bacterial prep- 
arations. In experiments of short duration in which iodoacetate was 
employed to inhibit the fermentation of maltose, the addition of fluoride 
decreased the rate of phosphate uptake slightly but increased greatly the 
ratio of glucose-1-phosphate to the other esters. 

Before Monod’s successful separation of amylomaltase, it seemed possi- 
ble that one or two phosphorolytic enzymes might be involved in the trans- 
formation of maltose to polysaccharide. Even after the demonstration that 


_ glucose-1-phosphate is not an essential intermediate in this transformation, 
_ the mechanism of the formation of the phosphate esters remained to be 
_ elucidated. Maltose, itself, or the polysaccharide, or both compounds 
. might undergo phosphorolytic cleavage by one or more enzymes. Several 
_ lines of evidence, however, indicate that phosphorolysis is involved not in 
_ the primary decomposition of maltose but only in the decomposition of the 


polysaccharide produced from maltose. Briefly summarized, this evidence 
consists of the following observations. 

1. The rate of breakdown of maltose and of the production of glucose 
and polysaccharide was not increased by the addition of phosphate to the 
bacterial preparations (see Table II). Even though a small amount of 

te was present in the dry cells, one would expect a marked effect 
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of added phosphate on the rate of carbohydrate transformation if glucose. 
1-phosphate could serve as an intermediate between maltose and poly. 
saccharide. If phosphorolysis of maltose were simultaneous with poly. 
saccharide formation but independent of it, the addition of phosphate 
should increase both maltose decomposition and glucose production greatly, 

2. The addition of arsenate did not prevent polysaccharide formation 
from maltose. Arsenate is known to replace phosphate with both sucrose 
and starch phosphorylases and to cause the decomposition of the carbohy. 


drate substrates of these enzymes to their hexose components (10,11). It 


Taste II 
Maltose Decomposition with Dry Cell Preparation 
3 per cent bacterial preparation in 0.1 Mm NaliCO,, 0.002 m iodoacetate, incubated 


at 30° for 90 minutes in an atmosphere of CO.. Maltose added to Tubes 2, 4, and — 


5; phosphate added to Tubes 3 and 4; arsenate to Tube 5. 


Micromoles per ml. 


Tube 1 | Tube Tube 3 Tube 4 | Tubes 


(a) Initial phosphate _. 2 2 76 76 2 
(b) “ arsenate 0) 0 0 0 67 
(c) “ maltose. 7h 76 76 
(d) Phosphate esterified 0 1S 
(e) Glucose formed. | 0) 47 () 45 65 
(f) Maltose decomposed. . 55t 0) 6It 
(g) Glucose units as polysaccharide (2( i )- 


* Not determined. 

t The figures for maltose utilization may be somewhat high, for reasons explained 
earlier in the text. 

t Since polysaccharide was determined by diflerence, the values given may be 


too high, the error in polysaccharide determination being double the error inherent | 


in the maltose determination. 


will be seen from Table II that a slight increase in maltose decomposition 
and a somewhat greater increase in glucose production were observed whet — 


arsenate was added to the enzyme prepuration, together with maltose. — 


These results support the view that arsenate participates directly only 2 
the decomposition of polysaccharide. Maltose decomposition is presul- 
ably affected indirectly, since the removal of the polysaccharide can bk 
expected to increase the extent of maltose decomposition. 

3. Phosphate esterification with maltose was found to be partially 
completely inhibited by the addition of saliva (a-amylase) to the bacterial 
preparations. Control experiments showed that traces of phosphatase, 
which may occur in saliva, could not account for this inhibition. Sine 
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polysaccharide but not maltose is decomposed with saliva, this observa- 
tion supports the conclusion that maltose is not phosphorolyzed. 

4. The initial rate of phosphate esterification was found to be the same 
regardless of whether phosphate was added together with maltose or after 
the enzyme preparation had been allowed to decompose most of the mal- 
tose to polysaccharide and glucose. For instance, a 3 per cent bacterial 
preparation was found to esterify 6.5 um of phosphate per ml. in the first 
30 minutes after the addition of 100 um of maltose per ml. Under similar 
conditions only 4.2 um were esterified if the initial concentration of maltose 
was reduced to 50 um per ml. However, when the phosphate was added 
120 minutes after the addition of 100 um of maltose, the phosphate uptake 
was found to be 6.6 um in 30 minutes. At this time, less than 40 um of 
maltose remained in the mixture. 


Indirect Synthesis of Maltose from Glucose and Glucose-1-phosphate 


It seemed very likely that the reaction catalyzed by amylomaltase would 
be reversible in nature, as are the phosphorolytic reactions involved in the 
breakdown of starch and sucrose. The occurrence of a reverse reaction 
would explain Monod’s observation that the polysaccharide produced from 
maltose in the presence of glucose does not form a blue complex with iodine, 
since long polysaccharide chains would be broken down to dextrins of rela- 
tively low molecular weight, in accordance with the equation 


(CoH 100s), + m CoH i206 — (CoH 100s). t+ m 


The reversibility of both maltose decomposition and the phosphorolytic 
reaction of the mutant strain was clearly demonstrated by the following 
observations. 

1. The addition of glucose, together with glucose-1-phosphate, prevented 
the formation of a polysaccharide giving a blue complex with iodine. That 
this was not due to a simple inhibition of phosphorylase activity was shown 
by the fact that glucose had only a slight inhibitory effect on the non- 
hydrolytic deesterification of glucose-1-phosphate. It is of interest to 
record that p-xylose and, to a slight extent, D-mannose also inhibited the 
formation of the starch-like polysaccharide. p-Fructose, p-galactose, p- 
arabinose, and L-arabinose had no significant effect. It seems possible 
that p-xylose and perhaps D-mannose may react with the polysaccharide 
in the presence of amylomaltase to yield disaccharides analogous to mal- 
tose. 
2. The addition of glucose to bacterial preparations which had synthe- 
sized polysaccharide from glucose-1-phosphate caused the rapid transfor- 
mation of the polysaccharide to a form which no longer gave a blue- 
colored complex with iodine. The experiment was conducted as follows: 
A 3 per cent dry cell preparation was incubated with 0.2 m glucose-1- 


| 

ly- | 

ite 

ly. | 

on 

It 

ted 

and 

be § 

r 

ined 

y be 

rent 

ition 

vhen 

tose. 

ly 

n be 

y of 

terial 

Since 


930 UTILIZATION OF MALTOSE BY E. COLI 


phosphate at pH 6.8 for 30 minutes at 30°. This mixture was then boiled 
and incubated with an equal volume of 6 per cent active dry cell preparation 
in the presence and in the absence of 0.25 m glucose. Before incubation 
the mixture gave a deep brown color with iodine which changed quickly to 
blue on standing. In the absence of glucose, the material still gave a dark 
brown color with iodine after 30 minutes of incubation and a reddish brown 
color after 60 minutes. This slow color change is due either to a slow hy- 
drolytic cleavage of the polysaccharide by bacterial amylase or to the 


Taste III 
Synthesis of Maltose and Polysaccharide with Dry Cell Preparation 


3 per cent bacterial preparation in 0.1 am NaHCQO,, 0.002 m iodoacetate, 0.05 y 
NaF, incubated for 30 minutes at 30° in an atmosphere of CO;. Glucose added to 
Tubes 2 and 3; glucose-l1-phosphate added to Tubes 1 and 3 (solution adjusted to 
pil 6.8). About 2 um of inorganic phosphate per ml. of preparation were present 
initially. 


Micromoles per mL 

Tube1 | Tube? | Tubes 

Initial glucose. .............. 174 

“ 0 75 

Total disappearance of glucose-l-phosphate*... 63 0 52 
Inorganic phosphate produced...... CPE | 921); 49 +1 
Disappearance of free glucoset ........ ... -2421 223 20 + 3 
Maltose formed........ 0 17 +1 
Blue None None 


* Disappearance of ester due to transformation to other phosphate esters, forma- 
tion of polysaccharide, and of maltose. 
+ Slight production of glucose from glucose-1-phosphate evident in Tube 1. 


phosphorolytic decomposition due to the gradual conversion of glucose-l- 
phosphate to other esters. In the presence of glucose, on the other hand, 
the color with iodine changed to pale reddish brown after 7 minutes and 
disappeared after 10 minutes of incubation. 

3. When glucose was added together with glucose-1-phosphate to the 
bacterial preparations, the production of maltose and reducing dextrins was 
observed. As in the previous experiments, maltose was estimated as 
sugar fermentable with S. cerevisiae but not with 7’. monosa. In addition, 
it was identified by the microscopic examination of its osazone. Maltose 
was not formed when glucose-1-phosphate alone or glucose alone was added 
to the enzyme preparations (see Table III). 
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Erperiments with Wild Type Parent Strain 


It was of interest to check whether the enzymes involved in the me- 
tabolism of maltose by the mutant strain W-327 are also present in the 
wild type strain K-12, from which the mutant had been derived indirectly. 
For this purpose, a dry cell preparation of EB. coli K-12 was made from a 
culture grown with maltose. This preparation caused an esterification of 
inorganic phosphate when maltose was added together with iodoacetate. 
No phosphate was taken up by iodoacetate-treated cells in the absence of 
substrate or in the presence of glucose. A polysaccharide giving a blue 
color with iodine was formed when the preparation was allowed to act on 
glucose-l-phosphate in the presence of iodoacetate and fluoride. The 
addition of glucose prevented the production of the iodine-colored com- 
pound. 

These observations were accepted as evidence that the wild type strain 
adapted to maltose does possess the same enzymes as the mutant strain. 

Strain W-327 presumably differs from strain W-108, from which it was 
obtained directly, in the restoration of the original wild tvpe metabolism 
of maltose but not of glucose or lactose. 


DISCUSSION 


From the above experiments, it seems reasonable to conclude that the 
initial stages of the fermentation of maltose by dry cell preparations of 
E. coli W-327 involve the set of reversible reactions shown in the accom- 
panying scheme. 


Maltose (Amylomaltase) Polysaccharide + glucose 


+ Phosphate | (Phosphorylase) 


Glucose-1-phosphate 


(Phosphoglucomutase 


Glucose -6-phosphate 


| (Phosphohexoisomerase 


Fructose-6-phosphate 


| 
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This scheme, however, fails to account for the observation that intact 
cells produce no glucose in the metabolism of maltose and yet possess 
practically no ability to ferment or oxidize glucose when this sugar is 
supplied in the medium. The situation is analogous to that found in the 
oxidation of sucrose, trehalose, and melibiose by P. saccharophila (12, 13). 
When grown with sucrose, this organism possesses a sucrose phosphorylase 
and an invertase, both of which decompose sucrose with the production of 
fructose. Yet fructose supplied in the medium remains practically un- 
attacked by the intact cells, while the entire sucrose molecule is rapidly 
metabolized. Bacteria grown in the presence of trehalose possess an 
active trehalase which hydrolyzes the disaccharide to glucose. No evi- 
dence for either a phosphorylase or a special kinase could be found in ex- 
periments with dry cell preparations and intact cells. Yet adapted intact 
cells are capable of oxidizing trehalose at a much greater rate than glucose. 
Similarly, bacteria grown with raffinose or melibiose as substrate can 
oxidize melibiose at a much greater rate than the constituent mono- 
saccharides glucose and galactose, provided that all these sugars are 
supplied in high concentration. As with trehalose, only a hydrolytic 
cleavage of melibiose appears to take place. In all of the above cases, the 
demonstration of enzymes responsible for the primary decomposition of 
disaccharides fails to explain the discrepancy in the rates utilization by 
intact cells of the disaccharides on the one hand and of hexoses on the other. 

If the proposed course of maltose breakdown by E. colt W-327 is ac- 
cepted, an explanation must be sought for the feeble metabolism of glucose 
by this strain. Although no study of hexokinase activity in either the 
mutant or the wild type strain has as yet been made, it seems unlikely 
that the absence of this enzyme would account for the difference between 
the mutant and parent cultures. If hexokinase were lacking, glucose 
should accumulate in the medium during the 1etabolism of maltose. 
This is not the case. A different impairment of the phosphate metabo- 
lism of the organism might offer a possible explanation for the anomalous 
behavior of the mutant. 

Regardless of the nature of the difference between the parent and mutant 
strain of E. coli, it seems clear that amylomaltase plays an important 
role in the metabolism of this species. It is of particular interest that this 
enzyme is similar to the “sucrose phosphorylase” of P. saccharophila, 
and to the bacterial enzymes responsible for the formation of dextran and 
levan from sucrose, in that all of these enzymes catalyze the exchange of 
glycosidic linkages (3). Unlike levan production, the formation of poly- 
saccharide from maltose is readily reversible. This is probably due largely 
to a lower energy content of the glycosidic bond in maltose than in sucrose. 
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In addition, it seems likely that the rate of the reverse reaction is greater 
with the polysaccharide of E. coli than with levan because the latter 
compound has a very high molecular weight and is therefore normally 
present in very low molar concentrations. 

Many important details of the mechanism of polysaccharide formation 
from maltose remain to be elucidated through studies with purified amy- 
lomaltase. The experiments described to date do not show whether a 
polysaccharide nucleus is necessary for the initiation of polysaccharide 
synthesis. In comparable reactions catalyzed by muscle and potato phos- 
phorylases it is known that catalytic amounts of polysaccharide are re- 
quired. If no ‘‘starter’’ is needed, the initial reaction would involve 2 
molecules of maltose which would be converted to 1 molecule of trisac- 
charide and 1 of glucose. It has been found experimentally that less 
than 1 mole of glucose is usually formed for each mole of maltose decom- 
posed. ‘This was to be expected, since the polysaccharide produced from 
maltose was found to be of low molecular weight. For instance, in the 
formation of a reducing tetrasaccharide possessing the formula (CsH190s)s- 
CeH120¢, only 2 moles of glucose should be evolved from 3 moles of maltose, 
in accordance with the equation — + 
2C.Hy2O0.s. Another important question which has not been answered so 
far is whether catalysis by amylomaltase is limited to a transformation of 
disaccharide to polysaccharide or whether it also involves the condensation 
of polysaccharide molecules such as the following. 


(CoH 100s). CoH i206 + i206 <> (CoH 4 m CoHi206 + CoHi20c 


Finally, the bearing of these studies on gene action may be mentioned. 
As far as they go, these experiments suggest that a single gene mutation, 
as in W-108, may interfere with the action or formation of several enzymes: 
in this case lactase, amylomaltase, and possibly hexokinase. It cannot 
yet be said whether these are primary or secondary effects of the mutation. 
On the other hand, a ‘‘suppressor”’ mutation, as in W-327, may undo part 
of these effects, restoring the amylomaltase function. 


SUMMARY 


l. A mutant of Escherichia coli was found capable of carrying out rapid 
oxidation and fermentation of maltose but not of glucose. 

2. Studies with dry cell preparations indicated that both the mutant and 
the wild type parent strains contain the enzymes amylomaltase, phos- 
phorylase, phosphoglucomutase, and phosphohexoisomerase. The first 
steps in maltose decomposition could be postulated as shown in the accom- 
panying scheme. 
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+ glucose 
Glucose-1-phosphate 
Glucose-6-phosphate 


Fructose-6-phosphate 


3. When glucose is allowed to accumulate during the decomposition of 
maltose, the polysaccharide produced by amylomaltase was found to 
consist of reducing dextrins composed, on the average, of from 4 to 6 
glucose units. 

4. Due to the reversible nature of the above reactions, maltose and 
reducing dextrins were produced when glucose-l-phosphate and glucose 
were added together to the preparations. In the absence of glucose, only 
a starch-like polysaccharide was formed from glucose-1-phosphate. 

5. The proposed mechanism for a ‘‘direct’’ utilization of maltose fails 
to explain the impaired ability of the mutant to utilize glucose. 
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THE UTILIZATION OF p-GLUTAMIC ACID BY LACTOBACILLUS 
ARABINOSUS 17-5* 


By MERRILL N. CAMIEN anv MAX 8. DUNN 
(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, February 1, 1949) 


t-Glutamic acid was first determined microbiologically with Lactobacil- 
lus arabinosus 17-5 by Kuiken et al. (2) in 1943. It was reported that 
p-glumatiec acid was inactive for L. arabinosus, since 20 y of L-glutamic 
acid gave the same growth response as 40 y of pi-glutamic acid. The 
following year, Dunn et al. (3) found that L-glutamie acid could be deter- 
mined accurately with L. arabinosus, but only in the absence of p-glutamic 
acid, since, over the range, 1.5 to 4.0 mg. per cent, pit-glutamiec acid was 
markedly more active for this microorganism than L-glutamic acid. These 
results were confirmed in 1945 by Baumgarten et al. (4), who showed, in 
addition, that p-glutamic acid (in the absence of L-glutamic acid) pro- 
moted less growth than an equal amount of L-glutamic acid (in the absence 
of p-glutamic acid). Other workers (5-7) have reported activities of 
51 to 75 per cent! for pi-glutamie acid and of 7 to 11 per cent for p-glutamic 
acid. It is evident, therefore, that the activity of p-glutamic acid for 
L. arabinosus 17-5 varies markedly under different conditions. 

Recently Lyman and Kuiken (8) showed that the utilization of p- 
isoleucine, but not p-glutamic acid, by L. arabinosus is influenced by the 
form of vitamin FB in the basal medium. The present report is concerned 
with the effect of L-aspartic acid, p-aspartic acid, and natural asparagine 
on the utilization of p-glutamic acid by L. arabinosus 17-5. 


EXPERIMENTAL 


The basal medium was that described by Dunn et al. (9). The response 
of L. arabinosus 17-5 to L-, pL-, and p-glutamic acids was measured in 
the absence and in the presence of added L-aspartic acid, p-aspartic acid, 
and natural L-asparagine. The three forms of glutamic acid were tested 
at final concentrations of 2.4 y to 256 y per ml., and L-aspartic acid, p-as- 
partic acid, and asparagine were employed at final concentrations of 400, 
800, 1600, and 3200 y per ml.2. The tests were made in 3 ml. volumes in 4 


* Paper 56. For Paper 55, see Dunn et al. (1). This work was aided by grants 
from the American Cancer Society through the Committee on Growth, National 
Research Council. The authors are indebted to Samuel Eiduson and Rutb B. Malin 
for technical assistance. 

‘Calculated on weight per cent basis compared with u-glutamic acid. 


* These concentrations were in addition to the natural asparagine (60 7 per ml.) 
present in the unaltered basal medium. 


| 
935 
| 


936 UTILIZATION OF D-GLUTAMIC ACID 


inch test-tubes in a manner analogous to that previously described for 
assays with L. arabinosus (9). The incubation period was 3 days. The 
results are given in Figs. 1 to 3 and in Tables I and II. 


DISCUSSION 


The curves presented in Fig. 1 and the activities calculated for p- and 
pL-glutamic acids (Tables I and II) indicate that these forms were more 
active (up to 28 per cent for the p- form and up to 40 per cent for the pi 
form) than L-glutamic acid in the unaltered basal medium. It may be 
seen, however (Fig. 2, Tables I and IJ), that in the presence of added 1- 
or D-aspartic acid much or all of the activity of the p-glutamic acid was 
lost. The activity of pL-glutamic acid at low concentrations was reduced 
by additions of asparagine (Table I). At higher concentrations, under 
these conditions, the activity of pi-glutamic acid was greater than that 
of t-glutamic acid, apparently due to a depression of the L-glutamic acid 
curve, but not of the pi-glutamic acid curve, in the range of concentra- 
tions above 40 y per ml. (Fig. 3). Curves similar to those in Fig. 3 were 
obtained by Dunn ef al. (3) and by Baumgarten et al. (4), undoubtedly 
as a result of the relatively high concentrations of asparagine employed 
in their media. 

That added aspartic acid will depress the initial segment of the L-glutamic 
acid curve obtained with L. arabinosus was first noted by Lewis and Olcott 
in 1945 (5).2 Similar results with asparagine, as well as aspartic acid, 
were later noted by Baumgarten et al. (4) and LBrickson et al. (11). This 
effect on the t-glutamic acid curve is evident, but not pronounced, in 
the present work. Compare, for example, the L-glutamic acid curves in 
Figs. 1 to 3. 

It has been observed by a number of workers (5-7, 11-13) that the 
initial lag so often present in the L-glutamic acid curve with L. aralinosus 
is not observed in the corresponding L-glutamine curve. For this reason 
it has been inferred by some of these authors that L-glutamic acid is con- 
verted to glutamine before being utilized by L. ara/inosus, and that aspartic 
acid interferes with the formation of glutamine from .L-glutamic acid. 
This hypothesis would seem to be negated, however, by the observations 
of the present authors‘ and Pollack and Lindner (14) that, under some 
conditions, t-glutamic acid is more active than glutamine for L. araln- 
nosus.® 


* These authors reported that arginine contributed to the inhibition of glutamic 
acid by aspartic acid. 

‘Unpublished data obtained by M. S. Dunn, 8. Shankman, and M. N. Camien. 

* The results of these experiments would be invalidated if the glutamine samples 
were very impure. Pollack and Lindner (14) did not report the purity of their glu- 


= g 


gS g 


| 


M. N. CAMIEN AND M. 8. DUNN G37 


FIG. 2 
- 
3 - 10 
c c 
S 
So 
oa ~~ 
L 
DL 
200} 
MICROGRAMS OF GLUTAMIC ACID MICROGRAMS OF GLUTAMIC ACID 
FIG. 3. 
15 
DL 
L 
SO 100 


l 
MICROGRAMS OF GLUTAMIC ACID 


Fig. 1. Response of L. arabinosus 17-5 to L-, pi-, and p-glutamic acids in the un- 
altered basal medium. The micrograms of glutamic acid and the ml. of 0.01 n NaOH 
are the amounts calculated per ml. of final solution. The L- and pi-glutamic acids 
were analytically pure products of Amino Acid Manufactures. The p-glutamic 
acid was the product described previously (10). 

Fic. 2. Response of L. arabinosus 17-5 to L-, pL-, and p-glutamic acids in the basal 
medium supplemented with L-aspartie acid at a concentration of 1600 y per ml. of 
final solution. The L-aspartic acid was a c.r. product of Amino Acid Manufactures. 

Fic. 3. Response of L. arabinosus 17-5 to L- and pi-glutamic acids in the basal 


medium supplemented with natural asparagine (Pfanstiehl product) at a concen- 
tration of 32% y per ml. of final solution. 
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| Titration® 


Medium 1 


Activity? Test level | | Test level | Titration® Activity 


factures). 


| 


7 per 
4.8 4.32 
§ 6.42 | 
16 9.87 
24 12.03 | 
40 14.83 
53 4.08 52 
67 7.95 53 
80 10.36 52 
107 13.77 52 
133 15.55 52 
Medium 
16 2.24 50 
24 5.58 55 
32 8.10 55 
40 9.92 55 
53 12.10 54 
Medium 10 
3.3 1.05 50 
6.7 2.67 | 66 
13.3 8.29 86 
26.7 | 13.50 149 
40.0 15.58 


Medium 1 was the medium. Media 2 to 5 were 
mented with L-aspartic acid at concentrations in micrograms per ml. of final solution 
as follows: 2 (400), 3 (800), 4 (1600), 5 
order with the same amounts of p-aspartic acid (c.p. product of Amino Acid Manv- 
Media 10 to 12 were supplemented with natural asparagine as follows: 
10 (S00), 11 (1600), 12 (3200) micrograms per ml. of final solution. 


Media 6 to 9 were supplemented in 


* Given as ml. of 0.01 s NaOH to titrate 1] ml. of final solution (equivalent t 


titrations of 10 ml. volumes with 0.1 ~ NaOH). 


t Calculated on weight per cent basis as compared with L-glutamic acid. The 


values included in the table were selected from similar response ranges as indicated 
by the corresponding titration values. 


& 


938 | 
0 
a 
PF Medium 2 Medium 3 
16 2.60 47 24 3.87 48 ® 
5.75 5) 32 7.01 52 
32 § 40 53 40 8 76 50 
40 10.40 54 53 11.89 54 : 
53 13.32 5S 107 «215.84 55 
| Medium 5 Medium 6 
| 107 8.96 6.76 57 
213 14.85 49 40 11.16 5 
| | 68 | 13.70 57 - 
Medium 8 Medium 9 | 
| 24 2.00 | 50 | 1.32 50 
| 82 | 3.93 | 82 | 2.09 44 
| 40 | 6.57 | 80 | 4.68 | 47 
| 2 9.78 51 8.84 52 
| 107 16.33 | 83 | 
| Medium 11 ' Medium 12 we 
6.7 aa 2.12 58 | 
| 13.3 4.36 | 61 | 2.0 | 5.31 58 
20.0 9.11 63 26.7 8.08 59 
26.7 13.59 132 33.3 11.16 64 
40.0 15.42 142 40.0 14.33 82 
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That p-glutamic acid may play “some essential réle in the metabolism 
of this microorganism’’ was suggested by Dunn et al. (3), because p-glutamic 
acid (tested as the pt form) was much more active under certain condi- 


II 
Calculated Activity of v-Glutamic Acid at Different Dosage Levels and 
in Different Media 


The media were those described in Table I. The activity of p-glutamic acid 
was not determined for Media 10 to 12, due to insufficient sample. 


Activity® | Test level | Titration*® 


| Activity® 


Activity® | Test level | Titration® 


7 per mal. | per cent | y per wi | percent | y per mi. per cent 
6 4.35 67 7.1 53 0.89 | 4.7 
8 5.54 76 107 1.05 | 4.2 
16 9.13 | 109 1600 «=| «1.80 | 3.8 160 1.34 | 4.0 
32 13.08 | 125 213 +~| «2.67 3.6 213 1.38 | 3.1 
40 | 14.39 | 128 2674.38 | 3.7 267 1.53 | 2.7 

Medium 4 Medium 5 Medium 6 
53 | 0.97 | 0.0 | 83 0.45 | 0.0 53 | 1.44 | 8.7 
107 | «(0.6 | «(107 0.45 | 0.0 107 2.37 | 6.7 
160 | 1.08 | 0.6 | 160 0.45 | 0.0 160 4.67 | 6.7 
213 | «(1.20 1.5 | 213 0.45 | 0.0 213 8.12 | 7.4 
| | 27 0.45 | (0.0 «(267 «10.93 | 8.1 
Medium 7 Medium 8 Medium 9 
53 1.02 | 8.1 | 107 0.81 3.8 53 0.60 | 0.0 
107 1.47 5.9 | 160 1.02 | 4.4 107 0.60 | 0.0 
160 2.06 | 4.8 | 213 1.17 | 4.2 160 0.68 | 3.5 
23, (3.31 4.7 | 27 | 1.35 | 3.9 213 0.75 | 3.4 
| 6.27 | «4.7 | 0.94 | 3.6 


* See the corresponding foot-notes to Table I. 


tions than L-glutamic acid. Although this conclusion may seem to have 
been unwarranted in the light of some of the present results (Fig. 2, Table 
II), it is supported by the observation that hydrolysates of L. arabinosus 
cells grown on p-glutamic acid-free media contain relatively large amounts 
of p-glutamic acid (10, 15).* 


tamine. The sample of glutamine (S. M. A. Corporation product) employed in the 
unpublished experiments by the present authors was too small for adequate analysis. 

*Some workers (16, 17) have suggested that p-glutamic acid found in hydroly- 
sates of proteinaceous materials may originate from the racemization of L-glutamic 
acid. It does not appear likely, however, that nearly complete racemization of 
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Perhaps a more tenable hypothesis might be that glutamine, p-glutamic 
acid, and L-glutamic acid are converted to a common intermediate’ by 
L. arabinosus before being utilized. The observation that neither gluta- 
mine nor p-glutamic acid is consistently more active than L-glutamie acid 
may be explained, assuming that the extent of conversion to the inter. 
mediate depends on the available compound and the conditions. Studies 
on the utilization of glutamine by L. ara/inosus are being carried out to 
throw further light on this problem. 

The results of the present investigation may be of practical application 
in the microbiological assay of samples containing both enantiomorphs of 
glutamic acid. It seems unlikely that total glutamic acid could be de. 
termined with L. arabinosus, since conditions have not been found under 
which the activities of L- and p-glutamic acids are the same over the entire 
assay range. It does appear probable, however, that a high degree of 
specificity for t-glutamic acid in the presence of p-glutamic acid can be in- 
duced by adding sufficient aspartic acid to the L. arabinosus assay medium. 
The initial lag in the L-glutamic acid response curve resulting from the 
increased aspartic acid concentration can be overcome by increasing the 
incubation time (5), by increasing the amount of inoculum (5, 7), by 
adjusting the medium to pH 6.0 (7), by adding glutamine to the basal 
medium (6), or by adding to the basal medium an amount of L-glutamic 
acid sufficient to initiate growth of L. arabinosus under the conditions 
employed. Although Streptococcus faecalis R may also be used to deter- 
mine t-glutamic acid in the presence of p-glutamic acid (4, 10), L. arali- 
nosus has the advantages of more rapid and profuse growth and acid 
production. The latter microorganism may be preferred for this reason. 

It is of interest in this connection that Lewis and Olcott (5) have em- 
ployed L. arabinosus for the determination of L-glutamic acid in the pres- 
ence of p-glutamic acid. Total glutamic acid was determined by a cheni- 
cal method (19) and p-glutamic acid was estimated by difference. Al- 
though, under the conditions employed by these workers, p-glutamic acid 
was found to be 7 to 11 per cent as active as L-glutamic acid (which would 
lead one to expect high results for L-glutamic acid and low results for 
p-glutamic acid), approximately 10 per cent of the total glutamic acid in 
edestin and approximately 30 per cent of the total glutamic acid in normal 
L-glutamic acid would take place during the relatively short period of refluxing with 
acid to which the L. arabinosus cells were subjected. Other bacterial products have 
been shown to yield nearly pure p-glutamic acid on acid hydrolysis (18). Since 
L-glutamic acid was negligible in the latter hydrolysates, the possibility of the p-glu- 
tamic acid having been formed by racemization was excluded. 

7 It does not seem probable that a-ketoglutaric acid or a-hydroxyglutaric acid is 


an intermediate of this type, since neither is very active in replacing 1-glutamic 
acid for L. arabinosus (4, 5). 
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and carcinomatous tissue from rabbits were estimated to be p-glutamic 
acid. 


SUMMARY 


It has been shown that p- and pi-glutamic acids under some condi- 
tions are more active than L-glutamic acid in promoting growth of Lacto- 
bacillus arabinosus, but that increased amounts of aspartic acid in the 
basal medium partly or completely suppressed the activity of p-glutamic 
acid for this organism. Asparagine was less effective than aspartic acid 
in suppressing the activity of p-glutamic acid, particularly at relatively 
high levels of glutamic acid. It has been suggested that, L. arabinosus 
may be used for the determination of L-glutamic acid in the presence of 
p-glutamic acid if sufficient aspartic acid is added to the basal medium. 
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The question to what extent branched polysaccharides can be degraded 
by phosphorylase has recently been examined by Meyer and Bernfeld 
(1), Swanson (2), and Katz, Hassid, and Doudoroff (3). It was found that 
potato phosphorylase resembled 8-amylase in being unable to pass the 
1,6 linkage at the branch points. In fact, the terminal chains of either 
amylopectin or glycogen were removed less completely by potato phos- 
phorylase than by 8-amylase (2). 

In the case of muscle phosphorylase it was known from experiments 
with relatively crude preparations that glycogen could be degraded almost 
completely (4).!. Swanson (2) found a degradation of about 80 per cent of 
glycogen or amylopectin in experiments with crystalline muscle phos- 
phorylase. A high concentration of enzyme was used, more enzyme was 
added at intervals, and the incubation period was quite long. If complete 
phosphorolysis of glycogen should require another enzyme besides phos- 
phorylase, this enzyme, even though present only in traces as a contami- 
nant of phosphorylase crystals, could have exerted considerable activity 
under the conditions of Swanson’s experiments? (cf. (5)). 

The experiments reported in this paper show that the action of re- 
peatedly recrystallized muscle phosphorylase on branched polysaccharides 
is similar to that previously reported for potato phosphorylase. Some 
properties of the limit dextrin formed from glycogen by the action of 


*This work was supported by a grant from the Corn Industries Research Foun- 
dation. 


tHebrew University Fellow. 

‘Cori, G. T., unpublished experiments. 

*A repetition of these experiments by G. T. Cori gave the following results. With 
a twice crystallized sample of muscle phosphorylase, glycogen was degraded about 
80 per cent after prolonged incubation and repeated enzyme additions. On further 
recrystallizations the apparent property of the enzyme of degrading glycogen be- 
yond the branch points was lost; that is, under the same conditions the degradation 
did not exceed 46 per cent. The supernatant fluid from the recrystallizations con- 
tained a protein which, when added to phosphorylase, resulted again in an almost 


complete degradation of glycogen. The properties of this factor will be described 
in a later publication. 
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muscle phosphorylase are described. This substance was used in an experi- 
ment designed to test the theory of the primer effect of polysaccharides. 


EXPERIMENTAL 


Phosphate was determined by the method of Fiske and Subbarow (6), 
Glucose-l-phosphate was hydrolyzed completely in 0.1 n HCl for ly 
minutes at 100° and determined as free glucose by the method of Nelson 
(7). A correction for the concurrent hydrolysis of added polysaccharides 
was applied in all cases; it generally amounted to less than 5 per cent oj 
the reducing value obtained by the hydrolysis of glucose-1-phosphate. 
No cysteine was added to the reaction mixtures because in the concentra- 
tion usually used in phosphorylase tests it interferes with the glucose 
estimations. Since the phosphorylase crystals are suspended in a cysieine 
buffer of 0.03 mM, the cysteine concentration in the reaction mixture was 
of the order of 0.0006 M or less. 

Enzymes—The activity of the enzymes was tested at 30°. Phospho- 
rylase a was prepared from rabbit muscle as described by Green and 
Cori (8), and recrystallized at least three times. The purified enzyme 
was completely free of amylase activity. Potato phosphorylase was puri- 
fied by fractionation with ammonium sulfate as described by Hanes (9). 
Crystalline phosphoglucomutase (10) from rabbit muscle was kindly sup- 
plied by Dr. V. Najjar; it contained neither phosphorylase nor amylase. 
8-Amylase was a maltase-free preparation made from ungerminated wheat 
by the method of Ballou and Luck (11). 

Substrates—Glucose-l-phosphate (l-ester) was prepared according to 
MeCready and Hassid (12) and recrystallized twice; it was free of polysac- 
charide impurities which prime muscle phosphorylase. Rabbit liver gly- 
cogen was used. Specimen 1 ([a], = +200°; ash 0.25 per cent) was 
obtained from the Pfanstiehl Chemical Company and Specimen 2 was 
isolated in this laboratory by the method of Somogyi (13). 

LD (glycogen; wheat 8-amylase)* was prepared by incubating glycogen 
Specimen 1 (5 per cent) with S-amylase (0.02 per cent) in citrate buffer, 
pH 6.0, under toluene at 30°. After 16 hours, the hydrolysis calculated 
in terms of maltose was 47 per cent and had come to a standstill. The 
residual polysaccharide was precipitated with 2 volumes of methanol, 
dried, exposed again to the action of the enzyme, and isolated. 

LD (glycogen; muscle phosphorylase) was prepared by incubating gly- 
cogen Specimen 1 (5 per cent) at 30° with 0.15 M potassium phosphate, 
pH 7.3, | X 10-* Mm magnesium chloride, 1.6 XK 10-5 m muscle adenylic 

+ Limit dextrins derived from a parent carbohydrate by the exhaustive treatment 


with a specific enzyme are designated as LD, information which characterizes them 
being supplied in parentheses. 
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acid, and 1.5 X 10°-* m eysteine in the presence of 10 mg. per cent of phos- 
phorylase and 2.5 mg. per cent of phosphoglucomutase. After 1 hour, 
the disappearance of inorganic phosphate corresponded to about 31 per 
cent degradation and the reaction had come to a standstill. The residual 
polysaccharide was precipitated by adding 2 volumes of methanol, and 
dried. A sample was retained for further examination and the remainder 
was treated again with the two enzymes and isolated. The dry pow- 
der was taken up in water, and a small amount of insoluble material 
was removed by centrifugation. The solution was passed through an 
Amberlite IR-4-100 anion exchange column and the polysaccharide precipi- 
tated with 2 volumes of methanol. The yield corresponded to 54 per cent 
of the original glycogen. 

The material formed an opalescent solution in water at room temper- 
ature, was non-dialyzable through a cellophane membrane, gave a much 
less intense color with iodine than did glycogen, was resistant to hot 10 per 
cent potassium hydroxide, and was non-reducing to alkaline copper re- 
agents. ‘The limit dextrin was hydrolyzed by salivary amylase and par- 
tially hydrolyzed by wheat 8-amylase. 

Other materials used were kindly supplied by the following investi- 
gators: corn amylopectin (Fraction B) and amylose (Fraction A) by Dr. 
T. Schoch, tuber and cereal starch amylopectins and their wheat B-amylase 
limit dextrins by Dr. J. E. Hodge, amylopectin formed by Neisseria 
perflava from sucrose by Dr. FE. J. Hehre, crystalline a-Schardinger dextrin 
by Dr. C. 8. Hudson, dextran formed by Leuconostoc mesenteroides from 
sucrose, and products of partial hydrolysis of dextran by acid by Dr. A. 
Jeanes. 

A mixture of dextrinic acid homologues (amyloses of 6 or less glucose 
residues with the reducing group oxidized to —COOH) was obtained in 
aqueous solution from a-Schardinger dextrin as follows: 35 mg. of the 
dextrin were dissolved in 0.5 ml. of 7.5 N hydrochloric acid. The solution 
was kept at 30° for 4 hours, neutralized, and brought to a volume of 1.2 
ml. The degree of hydrolysis (calculated as glucose) amounted to 27 
per cent. To 0.5 ml. of the neutralized hydrolysate, 0.1 ml. of 0.1 N 
iodine solution and 1.5 ml. of 0.1 N sodium hydroxide were added, and the 
mixture was kept in the dark for 20 minutes at room temperature. The 
solution was acidified, extracted repeatedly with toluene, and neutral- 
ized. When the solution was cooled, some residual dextrin containing 
adsorbed iodine precipitated and was removed. ‘The filtrate containing 
the dextrinic acids was colorless and free of iodine. Copper reduction 
tests showed that the reducing groups had been oxidized to an extent of 
more than 96 per cent. 
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Results 
Phosphorolysis of Polysaccharides. Glycogen and Amylopectin-—The 
course of phosphorolysis at two enzyme and glycogen concentrations jis 
plotted in Fig. 1. The limit of phosphorclysis varies somewhat for the 
two glycogen specimens investigated, but it is evident that in both in- 


> 
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Percent of glucosidic linkages split 
> 


10 20 30 40 50 60 70 60 
Minutes 

Fic. 1. Phosphorolysis of glycogen with an excess of inorganic phosphate. The 
reaction mixture contained 0.1 M potassium phosphate of pH 7.3 and 1.6 x 10* 
muscle adenylic acid. Muscle phosphorylase protein was dissolved by mixing a crys- 
tal suspension with 1] volume of 0.5 m sodium bicarbonate, followed by 10 volumes 
of water. Glycogen Specimen 1 was used in Experiment A and Specimen 2 in ex- 
periment B. Relative enzyme dilutions and initial concentrations of glycogen (as 
moles of glucose per liter) were as follows: Experiment A, 0 1:50, 0.012; @ 1:50, 
0.006; Experiment B, A 1:100, 0.012; X 1:100, 0.006; O 1:50, 0.006. The amount of 
glucose-1-phosphate formed was determined as free glucose after short acid hydrol- 
ysis as described under the methods. 


stances a major fraction of the linkages resists cleavage. At pH 7.3 the 
reaction would reach equilibrium when the ratio, inorganic P:1-ester P, is 
about 3. In the experiments in Fig. 1 the final ratios were 20 to 40 and 
the slowing down of the reaction cannot therefore be explained by an 
approach to equilibrium. There was the possibility that the slowing down 
was caused by an inactivation of the enzyme, but control experiments 
showed that this was not the case. Aliquots of the reaction mixture were 
removed after varying lengths of time of incubation, mixed with an equal 
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volume of 1.2 per cent glycogen, incubated for 10 minutes, and analyzed 
for the amount of l-ester formed. There was no significant loss of phos- 
phorylase activity during 2 hours of incubation. 

In the experiment in Fig. 2 the initial phosphate concentration was only 
slightly greater than that of glycogen. Phosphoglucomutase was added 


40 
° 
30 
20 
(5) 
2 
eo 
s 10 
a 
30 60 90 


Minutes 


Fia. 2. Phosphorolysis of glycogen in presence of phosphorylase and phosphoglu- 
comutase. The reaction mixture contained 0.02 m potassium phosphate, 0.015 mu 
glycogen Specimen 1 (expressed as glucose), 1 x 10-¢ m magnesium chloride, 7 < 10-* 
u cysteine, and 1.5 X 10m muscle adenylic acid, pH 7.1. The concentration 
of crystalline phosphoglucomutase and phosphorylase was 25 and 50 vy per ml., re- 


spectively. The per cent phosphorolysis was calculated from the disappearance of 
inorganic phosphate. 


in order to prevent an accumulation of glucose-l-phosphate. Cysteine 
was present in 0.007 m concentration. The effectiveness of the mutase 
action was checked at the end of the experiment; only 7 per cent of the 
total ester phosphate present was easily hydrolyzable in acid. The limit 
of degradation was 36 per cent and corresponded closely to the limit 
observed when the same specimen of glycogen was phosphorolyzed in the 
presence of a large excess of phosphate and in the absence of mutase. 

The findings with branched starch fractions (amylopectins) of different 
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I 
Phosphorolysis of Branched Fraction of Starches by Muscle Phosphorylase 


Composition of reaction mixtures and methods asin Fig. 1. Polysaccharide con- 
centration as glucose, 0.006 M. Enzyme dilution, 1: 50. 


Per cent sihiitinniia sis after incubation for 


Polysaccharide 
5 min. | 10 min. 30min. 60 min. 100 nie, 
White potato amylopectin. 38 | | 43 | 4 | 
Corn amylopectin (8 fraction of Schoch) | re | 93 | 38 38 | 40 
Wheat amylopectin . 39 41 
Neisseria perflava “amylopectin”... d | 39 39 | 
80 
‘a 
© 
o 
> 
= 
o 
c 
© 
© 
a 
i j i ain 
5 10 15 20 
Hours 


Fic. 3. Phosphorolysis of corn amylose by muscle phosphorylase. Amylose sol- 
ution in 0.1 m potassium hydroxide was neutralized immediately before use; final 
concentration as glucose, 0.008 m; enzyme dilution 1:15. 


origin are summarized in Table I. An apparent limit of degradation, 
corresponding to 36 to 44 per cent phosphorolysis, was reached, a result 
similar to that obtained with glycogen. 

Amylose—That the linear fraction of corn-starch can be degraded to 4 
much larger extent than the branched fraction is shown in Fig. 3. The 
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reaction Was slow in spite of a high enzyme concentration, presumably 
because of the low concentration of end-groups in a solution of a linear 
polymer. ‘he limit of degradation may therefore not have been reached. 
Another factor to be considered here is the tendency of corn amylose to 
precipitate (retrogade) from solution. Katz, Hassid, and Doudoroff (3) 
have, in fact, found almost complete degradation of amylose with potato 
phosphorylase. 

In order to test the phosphorolysis of short chains, amylose was hy- 
drolyzed to the extent of 33 per cent by salivary amylase. After heating 
the solution to stop the action of amylase, phosphorylase was added. The 
final yield of l-ester was equivalent to only 8 per cent of the original 
amylose. This is consistent with the conclusion that maltose and rela- 
tively short amylose chains, those 3 to 4 glucose units long, are resistant to 
the action of muscle phosphorylase. 

Polysaccharides with Terminal or Near Terminal 1,6 Linkages—The 
following polysaccharides have been examined: a bacterial dextran, LD 
(glycogen; phosphorylase), LD (glycogen; 8-amylase), and several varieties 
of LD (amylopectin; 8-amylase), the amylopectins having been prepared 
from wheat, corn, white potato, and sweet potato. Tests were carried out 
under the same conditions as described in the experiments in Fig. 1. With 
dextran, no l-ester was formed. With the phosphorylase limit dextrin 
and the five 8-amylase limit dextrins the limit of phosphorolysis was 2 
per cent or less. 

Degradation by 8-Amylase—The degradation of glycogen and amylopec- 
tin proceeds further with 8-amylase than it does with phosphorylase. 
This had previously been shown by Swanson (2) for potato phosphorylase. 
The limit dextrin formed from glycogen by muscle phosphorylase was de- 
graded by 8-amylase to maltose to an extent of 24 per cent, while the parent 
glycogen was degraded to an extent of 47 per cent. On the basis of the 
structure of glycogen proposed by Meyer (14), it can be assumed that the 
outer stubs of LD (glycogen; muscle phosphorylase) are 3 glucose units 
long. This is the minimum chain length required for the formation of 1 
molecule of maltose per stub through the action of B-amylase, and it is 
consistent both with the value of the observed limit of phosphorolysis of 
glycogen and with the amount of maltose formed from phosphorylase 
limit dextrin by B-amylase. 

Priming Ability of Polysaccharides—As shown in Fig. 4, the limit dextrin 
prepared from glycogen by exhaustive treatment with B-amylase had a 
negligible priming effect for muscle phosphorylase. On the other hand, 
the limit dextrin prepared from glycogen by exhaustive treatment with 
phosphorylase was about one-half as active as an equal weight of glycogen. 
The difference can be ascribed to the different lengths of the outer stubs of 
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the two limit dextrins, as discussed in the preceding section. The influence 
of chain length on priming ability could also be shown in an experiment 
with glycogen which had been incompletely (31 per cent) degraded by 
muscle phosphorylase. This material contained only 6 per cent of linkages 


25 


20r 


ester 


10 


Percent conversion of 


4 i i 4 i — 
2 6 8 iO i2 4 6 18 20 
Minutes 


Fic. 4. Glycogen limit dextrins as primers of muscle phosphorylase. Reaction 
mixtures contained 0.016 m l-ester and 0.015 m cysteine. Enzyme dilution 1:200, 
pH 6.8. 0 no primer added; @ 240 mg. per cent of LD (glycogen; S-amylase); A 4 
mg. per cent of LD (glycogen; muscle phosphorylase); X 60 mg. per cent of LD 
(glycogen; muscle phosphorylase); O 60 mg. per cent of glycogen. 


which could be split by phosphorolysis; in a concentration of 60 mg. per 
cent it was as effective as primer for muscle phosphorylase as an equal 
weight of glycogen. 

Potato phosphorylase, in contrast to muscle phosphorylase, can be 
uctivated by short linear chains; for example, those formed by partial 
acid hydrolysis of the evelic Schardinger dextrins (15). In the case of 
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the a-dextrin the longest chains cannot be more than 6 glucose units. 
In order to determine whether or not the reducing ends of the chains are 
essential for the priming effect, they were oxidized with iodine as described 
under methods. The experiment in Table II shows that the chains © 
with a carboxylic terminal were nearly as effective as primers as those 
with an aldehydic terminal. Both were transformed into longer chains 
which gave a blue color with iodine. The addition of glucose units must 
therefore have occurred at the non-reducing end of the chains. 

Since there is disagreement in the literature as to the priming ability of 
dextrans (16-18), some additional experiments were undertaken with the 
following materials: a viscous dextran ([a], in N NaOH, 200-203°), its 
acid hydrolysis products with average degrees of polymerization of 55, 


TABLE II 
Priming Action of Dertrinic Acids on Potato Phosphorylase 


Composition of reaction mixtures: l-ester, 0.03 m; citrate buffer, pH 6.0, 0.05 m; 
primer, 30 mg. per cent in terms of original weight of a-Schardinger dextrin; phos- 
phorylase, 0.1 ml. of enzyme solution in 1.0 ml. of reaction mixture. With 100 mg. 


per cent of soluble starch as primer, 8 um of inorganic phosphate per ml. were liber- 
ated in 10 minutes. 


Color with iodine Inorganic phosphate, 


Primer after incubation for after incubation for 
12 min.* 

min. Smin. 2 min. 
Hydrolysate of. a- -dextrin. Blue ' 03 ' 30 | 6.6 
Oxidized hydrolysate of a-dextrin.. “ | 84? 


* At zero time, there was no color formation with iodine. 


35, and 15, respectively, and a dextran with low viscosity obtained from 
an autolyzed bacterial culture. The materials were tested both di- 
rectly and after dispersal in 3 N potassium hydroxide, followed by neutral- 
ization, in concentrations as high as 500 mg. per cent. In no case was any 
priming effect observed with these materials on either muscle or potato 
phosphorylase. 

A dextran isolated by Hassid and Barker (19), and previously tested 
in this laboratory, was again found to activate potato phosphorylase, 
when used in high concentration after dispersal in alkali. 

Effect of LD (Glycogen; Phosphorylase) on Equilibrium—The fact that 
LD (glycogen; phosphorylase) can act as primer but cannot be degraded 
by phosphorylase offered an opportunity for testing the theory that 
polysaccharide synthesis consists in the addition of glucose units to primer 
end-groups (20). In the formulation shown below, the following abbrevi- 
ations will be used. G,4, represents a branched polysaccharide with 
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outer chains which consist on an average of n + x glucose residues in 
a-1,4 linkage, while G, represents the corresponding limit dextrin whose 
outer chains are n glucose residues long. As discussed in a preceding 
section, n probably has the value of 3 in the case of the phosphorylase 
limit dextrin of glycogen. Glucose-l-phosphate and inorganic phosphate 
are represented by G-1-P and P, respectively. The conversion of G, to 
Ga+e can be visualized as a series of successive reversible reactions with 
equilibrium constants designated as k,, ke, ks, etc. 


+ G-1-P = +P ke 


It may be seen that /; contains the term [G,4,] which cancels a corre- 
sponding term in /; and so on, so that the equilibrium constant of the 
over-all reaction will be‘ 

(Ga, 2][P}* 
[G,][G-1-P}* 


Previous experiments (21, 16) have shown that the ratio of inorganic 
phosphate to glucose-l-phosphate at reaction equilibrium in the presence 
of muscle phosphorylase is not changed when the concentration of added 
glycogen is varied between 0.02 and 1 per cent. It has been observed 
similarly that the ratio, inorganic phosphate to glucose-l-phosphate, at 
reaction equilibrium in the presence of potato phosphorylase is inde 
pendent of the concentration of added starch within wide limits (9). 
This may be explained by the fact that the limits for the general equation 
(xr = lor z = 200) were not approached when equilibrium was reached. 
Starting with glycogen, n + x is approximately 6, and as shown above, 
for reactions intermediate between k; and k, there is a cancellation of 
successive terms, so that the concentration of added polysaccharide does 
not enter into the calculation of the equilibrium constant. Expressed in 
other words, one might say that within certain limits the concentration of 
end-groups remains the same whether the outer chains of glycogen or 
starch are made longer or shorter by the addition or removal of glucose 
units. 


‘The writer is indebted to Dr. M. Cohn for suggestions relating to this equation. 
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The two terms which do not cancel out and therefore should have an 
effect on the equilibrium are G, and G,4, (x being a large number). 
An analysis of the effect of the term G,4,2 is made difficult by the fact that, 
when very long polysaccharide chains are formed, they precipitate out of 
solution. It seems probable, however, in analogy with the formation of 
other polymers, that chain length per se becomes a limiting factor. In 
previous experiments the maximal chain length which could be attained 
with glycogen as primer was about 200 (15). 

The special case represented by z = 1 with the limit dextrin, G,, as 
primer may now be examined. The concentration of G, (in terms of 
primer end-groups) has to be equal to or greater than the initial concen- 
tration of glucose-l-phosphate, so that at most one chain unit can be 
added for each available primer end-group. One would then expect a 
shift in the equilibrium toward the side of polysaccharide synthesis. Fur- 
thermore, there should be in this special case a dependence of the equilib- 
rium on the concentration of added primer. Experiments designed to 
test these predictions are shown in Table ITI. 

In Experiment 1, the initial ratio, inorganic P:1l-ester P, was set at 4.8. 
No reaction took place during incubation with phosphorylase without 
added primer. From previous determinations of the equilibrium ratio at 
the particular pH used, one could expect a shift towards a lower ratio; that 
is, Some inorganic phosphate would be removed in the conversion of gly- 
cogen to glucose-l-phosphate. This expectation was fulfilled when gly- 
cogen was used as primer. In contrast, with LD (glycogen; phospho- 
rvlase) as primer the reaction proceeded in the opposite direction; that is, 
polysaccharide was being synthesized instead of being broken down. Con- 
sequently, glucose-1-phosphate disappeared and inorganic phosphate was 
formed, so that the terminal ratio increased very markedly over that ob- 
served with glycogen as primer. 

In Experiment 2 the initial ratio, inorganic P:1-ester P, was such that 
with glycogen as primer a shift to a higher ratio was to be expected. Prim- 
ing with either polysaccharide brought about polysaccharide synthesis, but 
with the limit dextrin as primer the terminal ratio was again much higher 
than with glycogen as primer. 

Experiments | and 2 show also that the terminal ratio, inorganic P:1- 
ester P is influenced by the concentration of added limit dextrin. Assum- 
ing that LD (glycogen; phosphorylase) contains 14 per cent terminal glucose 
units, the molar concentration of these can be calculated. This permits 
one to approximate the equilibrium constant, 4;, as follows. At the start 
of the reaction there are no chain units present in the limit dextrin which 
ean be split off by phosphorolysis, while at equilibrium the number of 
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chain units which can be removed by phosphorolysis corresponds to the 
number of glucose-1-phosphate molecules which have disappeared. Hence, 
(a 
(G,)(G-1-P] 
ky calculated in this manner from the data of Table IIT vielded 1.25, 
1.35, and 1.56 for concentrations of limit dextrin of 1.0, 0.5, and 0.25 per 
cent respectively. 


hy = 


TaBLeE III 


Effect of Polysaccharides on Ratio of Inorganic Phosphate to Glucose-!-phosphate at 
Equilibrium 

Reaction mixtures consisted of potassium phosphate, dipotassium salt of 1-ester, 
0.01 m cysteine, polysaccharide, and muscle phosphorylase diluted 1:50. pH 7.3. 
1 ml. samples were treated with 3 ml. of magnesia mixture to remove inorganic phos. 
phate, the suspensions being filtered after standing for 10 hours. Glucose-1-phos. 
phate was determined in aliquots of the filtrates as phosphorus hydrolyzed in 7 min. 
utes in N H.SO, at 100°. The phosphate values are given: in micromoles per ml. 


Inorganic ate after, Glucose-t- phos: Inorganic phosphate 
iment Polysaccharide added, per cent glucose Meubation for 
0 min. Gate. 0 min. (30min. Initial | 
1 |None 11.2 | 11.2 | 11.2 | 2.34 | 2.40! 4.8 | 4.7 
Glycogen, 1.00 11.1 | 10.7 | 10.8 2.25! 2.49; 4.9 4. 
LD (glycogen; phosphoryl-| 12.0 | 13.3 | 13.0 | 2.38! 1.36) 5.0 9.6 
ase), 1.00 | | | | | 
2 |None | 2.60, 2.60 2.60, 1.05 1.03 | 2.5 | 2.5 
Glycogen, 0.50 | 2.60 2.98 2.98 1.05 0.75 | 2.5 | 3.9 
LD (glycogen; phosphoryl- 3.00 3.66 3.72 1.06 0.44 28 84 
LD (glycogen; phosphoryl- 2.71 3.20 3.22 1.03 | 0.53 | 2.6 6.1 
ase), 0.25 | | | 


These results give further support to the theory (20) that polysaccharides 
act as primers in the direction of synthesis because they enter stoichio- 
metrically into the reaction catalyzed by phosphorylase. 


It is a privilege to acknowledge the guidance of Professor C. F. Cori 
and Professor G. T. Cori in the conduct of this investigation. 


SUMMARY 


1. Branched polysaccharides (glycogen, amylopectin fractions of several 
seed and tuber starches, ond a bacterial amylopectin) could only be de- 
graded partially (40 + 5 per cent) by recrystallized muscle phosphory- 
lase, while the degradation of the linear fraction of corn-starch neared 
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completion after long incubation. Bacterial dextrans and limit dextrins 
formed from branched polysaccharides by S-amylase were not degraded 
significantly by recrystallized muscle phosphorylase. 

2. The limit dextrin of glycogen, formed by exhaustive action of muscle 
phosphorylase, could still be hydrolyzed by 6-amylase to an extent of 
24 per cent, or roughly an equivalent of 1 mole of maltose per calculated 
end-group. The priming effect of glycogen disappeared after treatment 
with 8-amylase but not after treatment with muscle phosphorylase. These 
results suggest that the outer stubs of the phosphorylase limit dextrin of 
glycogen are at least 3 glucose units long, and that this is the minimum 
chain length required for priming effect. Native and partially degraded 
specimens of a bacterial dextran failed to prime muscle phosphorylase. 
Oxidation of the terminal aldehydic group had little effect on the priming 
ability of short amylose chains for potato phosphorylase. 

3. The phosphorylase limit dextrin of glycogen, G,, was used as 
primer in a concentration (in terms of end-groups) equal to or greater 
than the initial concentration of giucose-l-phosphate, G-1-P. In this 
special case, the ratio, P:G-1-P, at equilibrium of the reaction, G, + G-1- 
P=G,41 + P, was shown to depend on the concentration of added 
primer. The value of the equilibrium constant for the above reaction 
varied between 1.3 and 1.5 when the concentration of added primer was 
varied 4-fold. ‘This indicates that the primer end-groups enter stoichio- 
metrically into the reaction catalyzed by phosphorylase. 
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Beginning with the fundamental observation of Warburg in 1913 (1) it 
has been a general finding that the more highly organized enzyme systems of 
animal tissues responsible for oxidation of metabolites by molecular oxygen 
are associated with the insoluble particulate portion of the cell. Among 
the several approaches which have been used to study the morphology and 
composition of such catalytically active particulate material, the most fruit- 
ful has been the differential centrifugation technique for separation of 
nuclei, mitochondria or ‘‘large granules,” and other substructures developed 
by Bensley and his school (2) and refined by Claude (3, 4) and Hogeboom, 
Schneider, and Pallade (5, 6). Considerable work on the composition and 
enzymatic activity of the various particulate fractions has been described 
by the Rockefeller group (7, 8), Schneider (9), and other investigators. 
For instance, quantitative assays have revealed that most of the succinoxi- 
dase and cytochrome oxidase activity is present in the mitochondria or 
“large granules’”’ (7). 

In this laboratory studies have been made on the enzymatic oxidation of 
fatty acids to acetoacetate and also via the Krebs tricarboxylic acid cycle. 
These complex and highly organized reactions take place in suspensions of 
particulate material separated from rat liver homogenates by centrifugation 
(10, 11). Certain observations on the properties of this enzyme system 
(11) suggested that the activity was to some extent dependent on osmotic 
factors, and Potter, on the basis of measurements of “cytolysis quotients,” 
suggested that the activity was present only in intact cells (12). 

With the publication of what appears to be a definitive method for the 
isolation of mitochondria or “large granules’ by Hogeboom, Schneider, and 
Pallade (5, 6), it was possible to demonstrate that mitochondria isolated by 
this method bear all the demonstrable fatty acid oxidase activity of whole 
rat liver. The particulate material isolated by this method is stated to be 
homogeneous and identical in morphology and vital staining characteristics 


* This investigation was supported by grants from the American Cancer Society 
(recommended by the Committee on Growth of the National Research Council), 
Mr. Ben May, Mobile, Alabama, and the Nutrition Foundation, Inc. 

t Nutrition Foundation Fellow in Biochemistry. 
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with the mitochondria of the intact cell (6); mitochondria isolated by 
the earlier procedures of Bensley and Hoerr (2) and Claude (3) apparently 
represent partially damaged forms without these properties. 

Since the publication of our preliminary note on the localization of fatty 
acid oxidase activity in these particles (13), Schneider has published a con- 
firmatory report (14). This paper is concerned with the experimental de- 
tails of the basic experiments. 


EXPERIMENTAL 


Analytical Methods —Octanoate was determined by the method of Lehnin- 
ger and Smith (15), acetoacetate by a modification of the method of Green- 
berg and Lester (16), and citrate by the method of Speck, Moulder, and 
Evans (17). Manometric measurements of oxygen uptake were made at 
30° in Warburg vessels of conventional design with air as the gas phase. 
Flasks were equilibrated for 5 minutes prior to closing of the taps. Deter. 
minations of inorganic and total phosphorus were made according to the 
method of Gomori (18) and partition of the phosphorus of the enzyme 
preparations was carried out according to methods described by Schneider 
(19) and Schmidt and Thannhauser (20). Radioactivity measurements 
were made on thin layers of aqueous solutions by means of a Geiger-Miller 
counting tube and recording apparatus of standard commercial type. Sep- 
arations of esterified phosphate for these measurements were performed as 
described elsewhere (21). 

Preparation of Mitochondria from Rat Liver—The procedure of Hogeboonm, 
Schneider, and Pallade (5, 6) was used for the preparation of the particu- 
late fractions of rat liver. Normal adult albino rats of Sprague-Dawley 
stock were used throughout this study. The animals were killed by de- 
capitation and exsanguinated. The livers were quickly removed and chilled 
in cracked ice. All operations during the preparation of the fractions 
were carried out in a room maintained at 2° and all reagents and apparatus 
were previously chilled. The fresh, chilled rat liver was homogenized in 
9 volumes of cold 0.88 m sucrose in a glass homogenizer of the type de- 
scribed by Potter and Elvehjem (22). Nuclei, whole cells, stroma, and 
erythrocytes were removed by three successive centrifugations, each of 3 
minutes duration, at about 1500 X g in the Sorvall model SP centrifuge. 
The mitochondria were then sedimented from the cleared supernatant by 
centrifugation in a Sorvall model SS-1 centrifuge at 18,000 X g for 20 min- 
utes. The sedimented mitochondria were washed by resuspension in 10 
volumes of 0.88 m sucrose, followed by resedimentation for 20 minutes at 
18,000 X g. The supernatant was carefully decanted and the washed mito 
chondria were taken up in sufficient ice-cold 0.15 m KCl or water (about 
5.0 ml. for each gm. of whole tissue used as starting material) to yield a sus 
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pension containing about | mg. of total nitrogen per ml. The final con- 
centration of KCI in the fatty acid oxidase test system was about 0.05 m, 
a value shown to be near the optimum for fatty acid oxidation in a pre- 
vious study (11). In experiments in which the mitochondria were taken 
up in distilled water, sufficient KCl was added to the test flasks to pro- 
vide a final concentration of about 0.05 Mm. 

Throughout these fractionations, it was found essential that low tempera- 
tures be maintained in order to preserve enzyme activity. We have found 
that the Sorvall angle centrifuges are especially well adapted for this pur- 
pose, since the temperature rise during centrifugation in the cold room is 
held toa minimum. The International refrigerated centrifuge has also 
been used with complete success. Although these fractions can be obtained 
at higher temperatures, their ability to oxidize fatty acids and Krebs 
cycle intermediates then becomes greatly attenuated or lost, probably be- 
cause of enzymatic destruction of as yet unidentified cofactors. 

Microscopic examination showed that the mitochondria so prepared were 
free of whole cells, nuclei, and débris, confirming the work of Hogeboom 
et al. who have stated that this procedure yields morphologically intact 
mitochondria free of extraneous elements (6). We have found that these 
preparations are contaminated to a small degree with erythrocytes. These 
extraneous elements may be removed by taking up the unwashed pellet 
of mitochondria which had been sedimented once in 10 volumes of 0.88 m 
sucrose as described above, and subjecting the suspension at this point 
to two or three preliminary sedimentations at low speed (2000 X g), each 
of 5 minutes duration. The main bulk of the mitochondria, now freed of 
red blood cells, is then sedimented by means of a 20 minute centrifugation 
at 18,000 X g. This procedure also reduces the desoxypentose nucleic acid 
phosphorus content of the mitochondria preparations to vanishingly small 
values. The phosphorus distribution in the mitochondria is discussed more 
fully in a later section of this paper. 

To avoid the necessity of a high speed centrifuge for the preparation of 
mitochondria, we have also used an abridged procedure which yields prep- 
arations of mitochondria which are entirely satisfactory for the study of the 
enzyme systems involved in this report. The 0.88 m sucrose extract of rat 
liver, freed of nuclei and whole cells exactly as described above, is sedi- 
mented at 2400 X g for 30 minutes at 0° in the Sorvall model SP angle 
centrifuge. The supernatant is decanted and the mitochondria are then 
washed by resuspension in 10 volumes of 0.15 m KCl and resedimented by 
centrifugation for 7 minutes at 2400 X g. While the yield of mitochondria 
obtained by this procedure is not so large as in the standard procedure, the 
material appears to be identical in composition and enzymatic activity. 
A second abridged procedure has also been used for preparing mitochondria. 
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The 0.88 m sucrose extract of rat liver, after removal of nuclei, etc., by 
preliminary centrifugations as outlined by Hogeboom et al., is treated 
with 0.1 volume of 1.5 m KCl and allowed to stand in an ice bath for 
5 to 10 minutes. The addition of salt causes agglutination of a large 
part of the mitochondria and they are now sedimentable in 5 to 10 minutes 
at 2000 X g. The sedimented material can then be washed with 0.15 x 
KCl solution to free it of sucrose. Such material appears to be identical 
in enzymatic behavior with the material obtained by the original method 
of Hogeboom et al. and is obviously more convenient to prepare. 

All experiments reported in this paper were done with mitochondria 
prepared by the original method of Hogeboom et al. with or without the 
additional low speed centrifugations to remove extraneous erythrocytes. 

Distribution of Fatty Acid Oxidase Activity in Particulate Fractions of 
Rat Liver—-The three principal fractions obtained from 0.88 M sucrose 
homogenates by the procedure of Hogeboom et al. described above were 
tested for fatty acid oxidase activity. Sodium octanoate was used as sub- 
strate in the standard test system described previously (11). The frac- 
tions tested were the “nuclear precipitate,” containing principally nuclei, 
whole cells, erythrocytes, and stroma, together with some mitochondria; 
the mitochondria or “large granules” of the rat liver, in a purified condition 
almost entirely free of extraneous structures; and the supernatant, con- 
taining “microsomes” (6), ultramicroscopic particles, and the soluble ma- 
terial of the rat liver homogenates. In these experiments, the “nuclear 
precipitate’? was washed once with ice-cold isotonic KCl to free it of oxi- 
dizable metabolites. No attempt was made to free the final supernatant 
of sucrose, which was thus present in the flasks at about isotonic concentra- 
tions. Previous work has shown that this concentration of sucrose is 
somewhat inhibitory to the oxidation. 

Typical results of such tests are summarized in Table I. It is seen that 
only the mitochondrial fraction has the ability to oxidize octanoate as evi- 
denced by octanoate disappearance, oxygen uptake, and acetoacetate for- 
mation. In comparable amounts as judged by total nitrogen determina- 
tion, the “nuclear fraction”? and the supernatant were quite inactive 1 
fatty acid oxidation. Furthermore, other experiments in which suspen- 
sions of mitochondria were tested in combination with the nuclear fraction 
and with the supernatant indicated that there was no stimulation of fatty 
acid oxidation over that shown by the mitochondria alone, nor was there 
any significant inhibition. Schneider (14) has found that the addition of 
either the nuclear fraction or the supernatant or both to the mitochondrial 
fraction increased the activity of the latter slightly. However, Schneider 
did not add to his test system catalytic amounts of the C,-dicarboxylie 
acids needed for the full activity of the fatty acid oxidase system (11). 
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It is possible that the other fractions contributed trace amounts of such 
compounds, accounting for the small stimulation observed by Schneider. 
These preparations of mitochondria showed activity in the oxidation of 
fatty acid, based on total enzyme nitrogen values, at least as great as the 
most active preparations obtained previously from isotonic saline homog- 
enates. The Qo, of such preparations (c.mm. of oxygen taken up per 


TABLE | 


Fatty Acid Oxidase Activity of Fractions Prepared from 0.88 mu Sucrose Homogenates 
of Rat Liver 


The Warburg vessels contained a final volume of 5.0 ml. The final concentrations 
of added substances were as follows: KCl, 0.05 mM; sodium t-malate, 0.0005 m; 
MgSO,, 0.005 m; phosphate buffer, pH 7.4, 0.01 m; adenosine triphosphate, 0.0005 
uw; and cytochrome c, 1 X 10°° mM. Water was substituted for sodium octanoate, 
0.002 m, in control vessels. The flasks were incubated at 30° for 45 minutes with 
air as the gas phase. An aqueous suspension of the nuclear precipitates and mito- 
chondrial fractions was added to the respective test systems in amounts representing 
the yields from 450 mg. of fresh, wet tissue in Experiment 1, and 375 mg. in Experi- 
ment 2. The supernatant fraction was derived from 150 mg. of fresh tissue in each 
experiment. 


— 


Experi- | | Octanoate Acetoace- 
| 
pM uM | 
1 | Mitochondria. 0.3 
23.2 8.0 8.5 
“Nuclear ppt.’’. 1.5 0.3 
Supernatant | 4.5 1.3 0.2 
| 4.5 + 1.0 0.2 
2 | Mitochondria 3.0 0.5 
| 4 16.1 5.1 4.1 
“Nuclear ppt.” 2.9 0.0 
+ 3.4 0.0 0.9 
‘Supernatant. 2.9 
| + 3.3 


mg. of dry weight per hour at 38° in the presence of octanoate substrate) is 
approximately 65 to 70. Due to variable losses of activity during prepara- 
tion, it is probable that these values are not maximal. 

It was of considerable interest to determine whether the cofactor re- 
quirements of the fatty acid oxidase complex in the mitochondria were 
essentially the same as those previously described (11) for saline-washed 
particulate material of rat liver. The requirements of the suspensions of 
mitochondria for added cofactors needed for fatty acid oxidation are sum- 
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marized in Table II. It can be seen that they are identical with those pre- 
viously reported, magnesium ions, neutral salt, adenosine triphosphate, 
cytochrome c, and catalytic amounts of malate being necessary for ful 
activity. In the mitochondria, however, the oxidation proceeds at about 
half the optimum rate in the absence of added cytochrome c. The water 
suspensions of saline-washed enzyme previously studied were almost com. 
pletely dependent upon added cytochrome c for activity (11). This dif. 
ference is most probably due to the fact that the method used for the prep. 
aration of the purified mitochondria allows these structures to be obtained 
in a more nearly undamaged form, without loss of cytochrome c by “leach- 
ing out” during the course of the preparation. It should be noted further 


II 
Requirements of Fatty Acid Oxidation in Mitochondria 


The system is identical with that described in Table I, except that incubation was 
for 70 minutes. When the components were omitted, water was substituted to maip- 
tain the volume constant. The mitochondria were added as an aqueous suspension, 
containing about 1.3 mg. of enzyme N per flask, after sucrose had been removed 
by washing with isotonic KCl. 


ow | Sa, | 

Complete system... 12.3 2.7 2.2 
Octanoate omitted | 2.5 0.5 
Malate omitted. 0.93 0.2 
3.6 0.0 | 0.6 
Cytochrome c omitted...__. 8.5 1.3 1.4 
3.2 0.0 | 0.5 
0.45 0.0 | 0.2 


that a requirement for added KCI or other solute, previously shown to lk 
necessary for the enzyme complex, can be demonstrated for the purified 
mitochondria only if these particles are first washed free of sucrose, whieh 
otherwise completely replaces added KCI, as previous work has shown (11). 
Schneider (14) reported that mitochondria isolated from 0.88 M & 
crose homogenates showed very low rates of octanoate oxidation. How 
ever, he did not supplement his test system with the Cy-dicarboxylie acids 
As the data in Table II show, the presence of malate is ubsolutely essentis 
for oxidation of octanoate in mitochondria prepared by this method and 
this fact probably explains his failure to find appreciable activity. 
Localization of the fatty acid oxidase activity in the mitochondria pr 
pared from 0.88 M sucrose suspensions implies that the saline-washed pa 
ticulate material previously studied (11) actually was enzymatically activ 
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because of its content of mitochondria. In order to settle this point con- 
clusively, a saline-washed preparation of the particulate matter of rat 
liver was made (11), suspended in 10 volumes of 0.88 m sucrose, and lightly 
homogenized. This suspension was then subjected to the procedure of 
Hogeboom ef al. tor obtaining mitochondria from whole liver. Three 
centrifugations at 2000 X g were made to remove nuclei, erythrocytes, 
and whole cells. ‘The mitochondria remaining in the suspension were then 
sedimented at high speed and washed as usual. A control preparation of 
mitochondria made from the same weight of the same rat liver was isolated 
directly by the technique described in the preceding section. Both sus- 
pensions of enzyme were tested for fatty acid oxidase activity. The re- 
sults are summarized in Table III. The data clearly indicate that the 


TABLF III 


Activity of Mitochondria Isolated from Saline-Washed Enzyme System Compared with 
Mitochondria Isolated Directly from Fresh Liver 


The test system is the same as that in Table I, except that the octanoate concene 
tration was 0.001 m. Water was added to replace octanoate in control flasks, and 
incubation was for 60 minutes. Mitochondria derived from 375 mg. of fresh tissue 
were added to each flask. 


Mitochondria Octanoate Octanoate Acetoacetate 


u disappearance formation 
From fresh liver _ 3.3 0.1 
15.3 5.0 §.2 
Isolated from saline-washed enzyme - 1.7 0.2 
4.9 


+ 14.9 5.0 


saline-washed particulate enzyme system previously studied contains suf- 
ficient particulate material, having sedimentation characteristics identical 
with those of mitochondria from fresh whole liver extracts, to account for 
all the fatty acid oxidase activity observed in the crude preparation. The 
finding that the mitochondria, as isolated by the sucrose procedure from the 
whole liver cells, are the site of the enzymatic oxidation of fatty acid, and 
that apparently identical particles can be extracted by the same procedure 
from particulate rat liver enzyme preparations show identical activity, 
strongly supports the view that the mitochondria or “large granules” are 
the sole intracellular structures of the rat liver active in fatty acid oxida- 
tion under the test conditions used. It should be stressed that the fatty 
acid oxidase system is made up of many individual enzymes and is ob- 
viously extremely complex. It is conceivable that the nuclear fraction or 
the supernatant may actually contain some of the individual enzymes neces- 
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sary for fatty acid oxidation but may be totally deficient in one or more 
enzymes of the system, causing over-all inactivity. 

Oxidation of Krebs Tricarboxylic Acid Cycle Intermediates in M itochondria— 
Since the saline-washed particulate material previously studied contains 
all the enzymes involved in the Krebs cycle and since the mitochondria had 
previously been shown to contain considerable succinoxidase activity (7), 
it was of interest to determine whether isolated mitochondria also possessed 


TaBLe IV 


Activity of Subcellular Fractions of Rat Liver in Oxidation of Intermediate Compounds 
of Krebs Cycle 


The flask contents were as follows: glycylglycine buffer, pH 7.2, 0.033 m; adenosine 
triphosphate, 0.0005 m; cytochrome c, 1 X 10-§ a; MgSO,, 0.005 mu; 0.1 ml. of ortho. 
phosphate containing P®, 359,000 counts per minute (the phosphate esterification 
data are in Table VI). The final concentration of substrates was 0.01 M in each 
case, except for oxalacetate and pyruvate which were added together at a concentra. 
tion of 0.005 m each. Mitochondria and nuclear precipitate fractions were added, 
so that each flask contained an amount of material derived from 225 mg. of fresh wet 
liver tissue. The flasks containing supernatant were tested with the material 
derived from 90 mg. of tissue. The final volume was 3.0 ml.; incubation for 
minutes with air as gas phase. 


Fraction | Substrate ' Oxygen uptake 
Mitochondria | Citrate 7.1 
a-Ketoglutarate 6.3 
Pyruvate + oxalacetate vel 
None 0.18 
“Nuclear ppt.” Citrate 1.9 
| a-Ketoglutarate 1.7 
| Pyruvate + oxalacetate 0.98 
None 0.0 
Supernatant Citrate 0.54 
| a-Ketoglutarate 0.0 
Pyruvate + oxalacetate 1.4 
None 0.31 


the enzymatic equipment necessary for the oxidation of pyruvate and other 
intermediates of the Krebs cycle. The results of a typical experiment i 
Table IV indicate that intermediate compounds of the Krebs cycle ar 
readily oxidized by suspensions of rat liver mitochondria. The nuclear 
and microsome fractions showed slight activity, which may have been due 
to contamination of these fractions by mitochondria. The substrates 
tested in this experiment were pyruvate plus oxalacetate, citrate, and 
a-ketoglutarate. These oxidations represent key enzymatic steps of the 
Krebs cycle. In addition, these mitochondrial preparations are capable 
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of catalyzing the condensation of oxalacetate and pyruvate to yield citrate. 
The experiment summarized in Table V shows aerobic citrate formation 
from pyruvate when malate served as a source of oxalacetate. 
Esterification of Phosphate Coupled to Oxidation in Mitochondrial Prepara- 
tions—The oxidation of fatty acids and of the intermediate compounds of 
the Krebs cycle proceeds with the release of considerable amounts of energy. 
It is now well known that energy released during oxidations over the Krebs 
cycle may be recovered in part by coupled esterification of inorganic phos- 
phate. More recently it has been shown that oxidation of octanoate by 
particulate rat liver preparations also caused coupled esterification of in- 
organic phosphate (11). In order to determine whether the enzymatic 
equipment necessary for esterification of phosphate coupled to Krebs cycle 


TABLE V 
Citrate Formation from Malate and Pyruvate in Mitochondria 


The flask contents were as follows: 0.05 m KCI, 0.005 m MgSO,, 0.01 mM phosphate, 
pH 7.4, 0.0005 m adenosine triphosphate, and 10~§ Mm cytochrome c. The final con- 
centration of malate and pyruvate was 0.01 M in each case, and the final volume 
was 3.0 ml. Each flask contained mitochondria suspended in 0.15 m KCl equivalent 
to about 1 mg. of enzyme N. The time of incubation was 65 minutes at 30° with 
air as the gas phase. 


Substrate Oxygen uptake | Pyruvate used | Citrate formed 
| uM | uM | uM 
Malate only... .. 10.7 2.3 
Pyruvate + malate.............. 13.5 9.4 10.4 


oxidations and to fatty acid oxidation is present in purified mitochondria, 
such oxidations were carried out in the presence of inorganic phosphate 
labeled with P*. At the completion of the incubation, the carrier-diluted 
inorganic phosphate was removed from the neutralized trichloroacetic 
acid filtrates by repeated magnesia precipitation (21) and the radioactivity 
of the esterified phosphorus fractions determined. The data are presented 
in Table VI. It can be seen from these data that both Krebs cycle oxida- 
tions and octanoate oxidation in the suspensions of mitochondria cause 
extensive incorporation of the P® into the esterified fraction. 

Phosphorus Distribution in Purified Mitochondria—Previous workers in 
describing the chemical constitution of the mitochondria (4, 23) have em- 
phasized the high content of phospholipide in these structures and the 
fact that they contain nucleic acid of the pentose nucleic acid type. The 
distribution of phosphorus in a typical preparation of mitochondria made 
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by the standard method of Hogeboom et al. (5) is presented in Column | 
of Table VII. Characteristically high values of phospholipide phosphorus. | 


Taste VI 
Esterification of Phosphate Coupled to Oxidations in Mitochondria 
The conditions of Experiment | (Krebs cycle oxidations) were exactly as described 
for experiments summarized in Table IV. In Experiment 2 (fatty acid oxidation) 
vessels contained 0.005 m MgCl,, 0.01 m glycylglycine buffer, pH 7.4, 1 10*y 
cytochrome c, 0.001 adenosine triphosphate, 0.0001 malate, 0.05 KCl, 0.001 
octanoate, and inorganic orthophosphate labeled with 157,000 counts per minute 
of P®. Octanoate was omitted in the control vessel. The time of incubation was 
20 minutes at 30°. 


— - 


Experiment | Esterified 

No. Or uptake | P esteribed 
per cent 
1 | None as | 4 
| Citrate 7.1 106 | 

a-Ketoglutarate 6.3 113 | 90.3 

Pyruvate + oxalacetate 7.1 

2 (0.0001 malate present) 0.5 37 3.2 

Octanoate 4.5 121 27.8 

Tasie VII 


Distribution of Phosphorus in Mitochondria Derived from 0.88 m Sucrose Homogenates 
of Rat Livers 

Total nucleic acid phosphorus was determined by the method of Schneider (19). 
Pentose nucleic acid was differentiated from desoxypentose nucleic acid by the 
method of Schmidt and Thannhauser (20). In Column 1 are listed values obtained 
for mitochondria isolated by the original method of Hogeboom ef al. (6). In Column 
2, values are given for such mitochondria which had been freed of erythrocytes and 
other extraneous elements by the modification described in the test. 


, Per cent of total P 
Method of Hogeboom sfodified method 

(1) (2) 
Acid-soluble P........... | 21.3 | 15 
Total nucleic acid P.. ......... 19.3 | 21.3 | 
Desoxypentose nucleic acid 1.5 0.5 
Pentose nucleic acid P_ .................... 17.8 | 20.8 


and the predominance of pentose nucleic acid, with only small amounts of 
desoxypentose nucleic acid, are to be noted. These figures are in fair 
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agreement with those published by Hogeboom et al. (6) and Schneider (9). 
Their data did not include direct measurement of both nucleic acids on the 
mitochondrial fraction but did show that almost all of the desoxypentose 
nucleic acid was in the first nuclear precipitate. Our direct analysis of the 
mitochondria shows the presence of appreciable amounts of DNA,! which 
may be due to contamination by other morphological elements. In Col- 
umn 2 is given the phosphorus distribution in another preparation of 
mitochondria which had been subjected to more extensive removal of ex- 
traneous elements by repeated centrifugation at low speed prior to the re- 
sedimentation of the washed particles at high speed as already described. 
It can be seen that this procedure has reduced the amount of DNA and 
raised the ratio of PNA: DNA from 11.8 to 41.6. This ratio represents 
the analytical limit of the methods of Schneider and Schmidt and Thann- 
hauser for measuring pentose nucleic acid and DN Ain our hands. Prepara- 
tions with very low DNA values thus obtained were found to be active in 
the oxidation of fatty acids. It is difficult to determine whether the last 
trace of DNA phosphorus in the preparations studied is analytically signifi- 
cant. It is of course conceivable that trace amounts of DNA are present 
normally in the mitochondria. 

Fatty Acid Oxidase Activity of Mitochondria Obtained by Other Procedures—- 
It was found in the course of this work that the choice of solvents in which 
the rat liver was homogenized prior to fractionation was of critical impor- 
tance in the distribution of the fatty acid oxidase activity. When distilled 
water or distilled water made slightly alkaline by the addition of NaOH 
(“neutral water’’) was used as the medium for the preparation of mito- 
chondria and other particulate fractions according to the procedure of 
Schneider (9), no activity in the oxidation of fatty acid could be detected 
in any fraction. 

Hogeboom ef al. (6) have stated that “large granules’’ obtained by the 
use of water as the dispersing medium do not possess the characteristic 
morphology and vital staining reactions exhibited by these structures in 
the intact liver cell. Our inability to find activity in such preparations sup- 
ports the view of Hogeboom et al. that “large granules’’ obtained in this 
manner may have undergone irreversible structural changes due to the 
hypotonic conditions, which may have caused rupture or leaching out of 
necessary components of the enzyme system. 

When homogenates of rat liver in isotonic saline solutions are fractionated 
according to the technique described by Claude (4), the distribution of 
activity in the oxidation of fatty acids is far different from that observed in 
fractions of 0.88 m sucrose homogenates. Data of such an experiment are 
givenin Table VIII. It isseen that the fatty acid oxidase activity is concen- 


‘DNA, desoxypentose nucleic acid; PNA, pentose nucleic acid 
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trated in the “nuclear precipitate,” containing nuclei, débris, and whole cells, 
and that the “large granule” fraction is without activity. It has beep 
pointed out by Hogeboom ef al. (6) that this first fraction of nuclei and 
débris may actually contain a large proportion of the mitochondria of the 
homogenate, since these particles are very largely agglutinated by contact 
with isotonic saline solutions and are therefore sedimented with the nuclear 
fraction. As a matter of fact, it is this fraction which has been used in 
this laboratory in the past for preparation of the fatty acid oxidase system. 
When this fraction is suspended in 0.88 m sucrose, a large part of the mito- 
chondria is redispersed, and is sedimentable only at higher speeds, as the 
experiment in Table III indicates. 


Tasie VIII 


Distribution of Fatty Acid Oxidase Activity in Subcellular Fractions Derived from 
Isotonic Saline Homogenates of Rat Liver 


The test conditions were the same as those described in Table I, except that the 
final volume was 3.0 ml. Incubation was for 30 minutes at 30°. 


Fraction | | uptake | 
me. | Be. 
“Large granules”’ 1.1 | 1.6 0.0 
co | 1.25 | 0.31 
“Nuclear ppt.” 2.2 | 1.6 | 66 
+ 11.0 3.4 
Supernatant 2.3 — 0.0 0.60 
+ 0.5 0.49 


The fact that the less easily sedimentable fraction called “large granules” 
by Claude (4), obtained upon more prolonged centrifugation of saline 
homogenates in the experiment summarized in Table VIII, is inactive in 
the oxidation of fatty acids may possess some significance. Apparently 
the “large granules” derived from saline homogenates are not identical 
with those prepared by the hypertonic sucrose method, or they may be 
partially disorganized mitochondria of different sedimentation and enzy- 
matic properties. Results of a similar nature reported by Chantrenne 
(23) lend some support to this view-point. 

These findings point to the possibility that the fatty acid oxidase activity 
may be used as an enzymatic indicator for the detection of iver mitochon- 
dria in more or less the native condition, in conjunction with microscopit 
examination and staining techniques. 

Intracellular Distribution of Some Glycolytic Enzymes—The finding that 
highly organized respiratory systems are localized in the mitochondria 
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raises the question of the intracellular location of other organized enzyme 
systems. In contrast to the respiratory systems, which are associated with 
particulate matter, the glycolytic enzymes all appear to be readily soluble 
and several have been crystallized. It was therefore of interest to examine 
the different fractions of rat liver for their ability to catalyze the oxida- 
tion-reduction reactions of glycolysis. The system studied involved fruc- 
tose-1 ,6-diphosphateassubstrate, aldolase, triose phosphate dehydrogenase, 
diphosphopyridine nucleotide, and arsenate to “decouple” the phosphoryla- 
tion step, and lactic dehydrogenase and pyruvate as hydrogen acceptors. 


IX 
Activity of Some Glycolytic Enzymes in Liver Fractions 


In the oxidation-reduction system assay the Warburg vessels contained 0.03 m 
fructose-1 ,6-diphosphate, 0.002 mM arsenate, 0.02 m sodium fluoride, 0.02 m sodium 
pyruvate, 0.048 m NaliCQ,, 0.02 mM nicotinamide, and 0.001 m diphosphopyridine 
nucleotide. The liver fractions in amounts specified were tipped in from the side 
arm after temperature equilibration. Total volume, 2.0 ml.; gas phase, 95 per cent 
N,-5 per cent CO,.; temperature, 30°; time of incubation, 1 hour. 


| 
Weight of whole | Qaideticn | 
Fraction liver from which) CO, liberated | reduction | Aldolase 
meg. | c.mm. Per of total | por cont af tote 
| 20 | 90 81.7 
Whole homogenate... ....... | 20 110 (100) (100) 


* The QS3, (30°) of the whole liver homogenate under these conditions was 27.5. 
t Qupp (24) at 38° of whole liver homogenate was 56. 


Fluoride was added to inhibit enolase and the end-point measured mano- 
metrically indicated the formation of 3-phosphoglyceric acid, which causes 
CO, liberation from a bicarbonate buffer. The conditions used were found 
to give approximately linear results with varying concentrations of an 
extract of rabbit muscle. When the different fractions were assayed fof 
the presence of the three enzymes involved in the reaction, the mito- 
chondria and the nuclear precipitate contained only a very small fraction 
of the activity, whereas the supernatant, containing all the soluble material 
of rat liver as well as difficultly sedimentable particles (‘“‘microsomes,”’ 
ete.), contained 82 per cent of the activity shown by the original unfrac- 
tionated homogenate (see Table IX). Also shown in Table [X is the dis- 
tribution of aldolase in the different fractions, measured by the method of 
Sibley and Lehninger (24). It is seen that the particulate fractions con- 
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tain only a very small fraction of the total aldolase of rat liver, 96 per cent 
being present in the soluble fraction. 

Although assay of all the individual enzymes of glycolysis in these frac- 
tions may eventually show that one or more of these enzymes are present 
in the mitochondria, it appears certain that the mitochondria do not possess 
the complete enzymatic machinery for the conversion of glycogen or glu- 
cose to lactic acid at a rate comparable to the rate of respiration of these 
bodies. LePage and Schneider have recently shown that particulate frac- 
tions of rat tumors or rabbit liver have little or no ability to glycolyze 
glucose, most of the activity being in the soluble fraction (25). 

In addition to these data, it has been found by Friedkin in this labora- 
tory (cf. (26)) that isolated mitochondria are capable of incorporating in- 
organic phosphate labeled with P® into pentose nucleic acid, phospholipide, 
and an unidentified acid-insoluble “phosphoprotein” fraction coupled to 
the oxidation of substrates of the Krebs tricarboxylic acid cycle. It would 
therefore appear that these bodies are also capable of at least one type of 
reaction leading to synthesis of these intracellular materials. 


DISCUSSION 


The data reported in this paper show that the complex enzyme systems 
responsible for the oxidation of fatty acids and Krebs cycle intermediates 
and esterification of phosphate coupled to these oxidations are localized in 
that fraction of rat liver which consists of morphologically intact mito- 
chondria or “‘large granules,’’ almost completely free of other formed ele- 
ments. As has been pointed out, it is not possible with our present knowl 
edge of these complex systems to assay individual enzymes of these systems 
quantitatively and it is therefore conceivable that other elements such as 
the nuclei, ‘“‘microsomes,”’ or soluble material may be capable of many of 
the enzymatic transformations involved in the over-all reactions studied. 
The striking fact is that all the individual enzymes concerned in these 
complex systems should be found in one species of morphological element. 
These findings in some measure justify the early views of Altmann (27) 
that these bodies are fundamental biological units and possess a certain 
degree of autonomy and certainly, together with the considerable work 
already done on their enzymatic and chemical composition by the Rocke- 
feller school, Schneider, and others, provide considerable basis for the apt 
designation “intracellular power plants” conferred on the mitochondria 
by Claude. 

Although the mitochondria appear to be the major site of these activities, 
it would appear from our examination in vitro that these bodies are not 
completely autonomous with respect to their respiratory behavior, since 
they must be supplemented with certain cofactors such as adenosine tr 
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phosphate and Mg**. It appears likely that in the cell there is a rapid 
interchange of these factors, substrates, and inorganic phosphate between 
the cytoplasm and the mitochondria. It also would appear that these 
bodies are dependent on the cytoplasm for certain preparatory metabolic 
activities such as glycolysis, since, as our data show, they are almost com- 
pletely lacking in glycolytic activity. 

Claude has found that isolated mitochondria are quite sensitive to 
changes in osmotic pressure (4). Adverse osmotic conditions may there- 
fore be responsible for the inactivity of the mitochondria in catalyzing 
fatty acid oxidation in hypotonic reaction media; when the concentration 
of neutral salts or non-electrolytes approximates isotonicity, the system 
shows Maximum activity. No attempts have been made to determine 
whether the mitochondria are morphologically intact in all stages of the 
enzymatic reaction. 

It is also of some interest that mitochondria are capable of causing oxida- 
tion-coupled incorporation of labeled inorganic phosphate into nucleic acids 
and phospholipides of these structures (cf. (26)). The work of Hill and 
Scarisbrick (28) and Warburg and Liittgens (29) on the photochemical 
activity of isolated chloroplasts or granules derived therefrom provides 
some indication that highly organized enzyme systems are localized in 
analogous structures of plant cells. 

The localization of organized respiratory activity in mitochondria poses 
some problems in connection with the separation and purification of the 
individual enzymes involved. The difficulties in rendering such enzymes 
as cytochrome oxidase and succinoxidase soluble are well known (30, 31). 
Recent work in this laboratory indicates that the separation from mito- 
chondrial preparations in soluble form of simple dehydrogenase proteins 
which might be expected to be readily soluble is also quite difficult and a 
variety of drastic procedures has failed to release any significant amount 
of such proteins into soluble form. 


SUMMARY 


Morphologically homogeneous mitochondria (“large granules’’) separated 
from rat liver dispersions by the hypertonic sucrose method of Hogeboom, 
Schneider, and Pallade contain essentially all the measurable activity of 
the liver in the oxidation of fatty acids. Likewise, the integrated reactions 
of the Krebs tricarboxylic acid cycle are found in this fraction. Esterifi- 
cation of inorganic phosphate accompanies these oxidations in purified 
preparations of mitochondria. These bodies have insignificant glycolytic 
activity. “Mitochondria” prepared by other methods involving saline 
or water as the dispersing media are inactive in these reactions, possibly 
because of osmotic damage. 
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In spite of several extensive ultracentritugal studies of human sera by 
151 Mutzenbecher, Micbarlane, and Pedersen, the interpretation of the pat- 


terms observed has remained in doubt. Specifically, the greatest diffieul- 

tie encountered by previous workers have arisen in their efforts to study 
undiluted human sera.  Mebkarlane (1) referred to marked distortions in 

the pattern observed with undiluted human serum and suggested a trial 

and error dilution of the serum with salt solution to minimize such distor- 

tions. Pedersen (2) recommended diluting sera with various salt or buffer 

solutions to 4O per cent of the initial concentration, since under these 

19 conditions “adequate” resolution of the albumin and so ealled pro- 
tein” peaks in the sedimentation diagram could be made. Both these 

workers found the apparent concentration of the XN proteim to vary consid- 

erably with respect to both over-all protein and salt concentration. The 
Variations in concentration ranged trom a value of No protein constituting 

up to 30 per cent ot the serum proteins when studied in concentrated 

| serum to an immeasurably small value when the serum was greatly di- 
luted. Pedersen has explained this variation in No protein concentration 
by assuming this molecule to be a labile complex of albumin, globulin, and 
lipides which dissociates with increasing dilution of the serum. 


On the basis of ultracentriftugal studies of human sera by the present 
authors, a wholly different interpretation of the ultracentriftugal patterns 
173, observed is given herewith. This interpretation indicates that the XN pro- 
tein concentration in human sera is vastly smaller than reported by Peder- 
sen or MeFarlane, but more consistent with electrophoretic data for the 
low density B, lipoproteins. Further, the ultracentrifugal pattern ob- 
served for human serum with increasing dilution can be explained without 
assuming that any dissociation of VN protein occurs. 


EXPERIMENTAL 

An electrically driven ultracentrifuge designed by Fe. G. Pickels was em- 
ploved, the Thovert-Philpot-Svensson evlindrical lens-refractive index 
method for the observation of migrating boundaries being utilized (3). 
All runs were made between 25 and 30° at rotor speeds of 59,780 Ropu, 
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giving centrifugal fields between 240,000g and 300,000g, at the meniscus 
and base, respectively. Blood was obtained trom presumably normal in- 
dividuals in the postabsorptive state. 

A large number of undiluted sera were studied ultracentritugally.  Typi- 
‘al patterns obtained approximately 2 hours after reaching tull speed are 
shown in Fig. |. The vertical bar seen in Fig. 1, 6, ¢. and din the albu- 
min complex represents a region of refractive index gradient in the cell so 
great that an entering light beam is completely thrown out of the optical 
svstem. We have determined that this bar has no bearing on the svmme- 
try or asymmetry of the albumin peak. Of great interest is the “dip” 
below the base-line characteristically associated with the asvmmetrie 
boundary of the albumin complex. Pedersen accounted for albumin bound- 
arvoasvmmetrv heimng due to the presence densit V-sensitive 
lipoprotein (VY protein), the Seo,. value of which is very close to that of al- 
bumin. However, a two-component resolution, assuming a protem of this 
nature, even if present in the high concentration which Pedersen deseribed, 


ha 


Pig. Ultracentritugal patterns of normal undiluted human sera obtained up 
proximately 2 hours after the rotor attarmed full speed. 


could not conceivably give rise to the “dip phenomenon which we have 
observed. An explanation is possible if we assume that the asymmetry 
and “dip” result from a piling up of the lipoprotein along the albumin 
concentration gradient at the sedimenting albumin boundary. Fig. 2, 4 
gives the concentration diagram tor a lipoprotein which for any reason 
has completely piled up in the region of the albumin gradient. The the- 
ory of the diagonal bar-evlindrical lens method of recording refractive in- 
dex boundaries reveals that such «a pile up must give rise to a bephasre curve 
(Fig. 2,6). In Fig. 2, ¢ is given the concentration diagram for lipoprotein, 
in process of piling up, and tor albumin, and in Fig. 2, ¢, the separate 
corresponding optical patterns expected. — Fig. 2, ¢ shows the albumin and 
lipoprotem pile up patterns in a single composite pieture, which is the net 
result observed with the ultracentrifuge. A comparison of Fig. 2, ¢ with 
the experimental observations of Fig. | demonstrates the plausibility of 
our hypothesis of the origin of the “dip” phenomenon. 

It is of interest to consider how the observed ultracentrifugal pattern will 
vary with slight displacement of the lipoprotein pile up relative to the 
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position of the albumin concentration gradient. Fig. 3, a shows the sepa- 
rate albumin and lipoproteim patterns with such relative displacements. 
Fig. 3, 6 shows the corresponding composite patterns. All these types of 
distortions of the albumin boundary complex have been observed by alter- 
ing serum density (see Fig. 3,6). Sucrose, sodium chloride, or magnesium 
sulfate added in quantities sufficient to give equivalent density increments 
produces the same type of pattern distortion, 

The basis tor the pile up phenomenon is the difference in sedimentation 
rates of the lipoprotein on either side of the albumin boundary gradient. 
A related type of anomaly occurring in mixtures of proteins, without a 
pile up but due to the same fundamental eause, has been previously de- 
seribed and mathematically treated by Johnston and Ogston (4). Two 
main factors contribute to this change: The viscosity. of the albumin- 
containing solution is higher than the viscosity of its own supernatant so- 


‘FIGZa. _— |e.(Composite of 2d) 
| In all figures 
I left to right 


| 
| isin direction | 
| Ofine reas ING | 
| a. | | centrifugal | 
| | | field. | 
| | <— dip | 
| Xx | 


Pie. 2. Pile up analysis and the resulting ‘dip’? phenomenon that is observed ul 
tracentrifugally (see the text for a complete explanation). 


lution, and the effective buovant foree on sedimenting molecules is not 
the same in the albtumin solution as in the supernatant solution, since. the 
density difference between sedimenting particle and sedimenting medium 
is not the same im the two solutions. This is particularly important for 
the lipoprotein, the density of which is very close to that of the serum 
itself, 

Two major types of situations can in general result in the pile up of 
lipoprotein: (a) The lipoprotein sediments in the same direction as the 
albumin. Tlere buovaney difference and viscosity difference are additive 
in slowing lipoprotein sedimentation in the albumin solution relative te 
that in supernatant solution. Now, if lipoprotein has a sedimentation 
rate In supernatant solution greater than the albumin sedimentation rate, 
Whereas the lipoprotein in albumin solution sediments more slowly than 
albumin itself, then the effeet will be to produce a progressive pile up of 
lipoprotein somewhere in the albumin concentration gradient. Since in 
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this instance the lipoprotem sediments with the albumin boundary, it can- 
not be seen as an independently sedimenting component, 

(b) The lipoprotein sediments toward the albumin boundary trom both 
sides. “This is mandatory if the lipoprotein density falls between the den- 
sitv of albumin solution and that of the supernatant solution. Tere, if 
the lipoprotein sediments more rapidly in supernatant solution than does 
albumin, an appreciable pile up will be expected. Tt is this situation 
which, we believe, usually exists in undiluted serum. Further, small den- 
sity increments produced by salt) or sucrose addition to serum may be 
expected to shift the pile up along the albumin concentration gradient 
and thus give rise to a variety of bizarre patterns described in Fig. 3. 


3] 
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| | 


hig. 3. Variations in ultracentrifugal patterns with variations in the location of 
the lipoprotein pile up on the albumin concentration gradient. 


3b. 


In the situation deseribed in section 6, a lipoprotein boundary migrating 
toward the center of rotation may or may not be observed. — If the migra- 
tion is slow, the boundary may be poor or may be lost entirely, due to the 
factors usually operative in producing diffuseness of boundaries. 

A third situation may arise when the density of the solution is raised to 
the point where lipoprotein migrates in the direction opposite to albumin 
both above and below the albumin boundary. In this ease, the analysis 
of Johnston and Ogston applies and predicts the possibility of some distor- 
tion of the albumin boundary. However, no pile up phenomenon will be 
expected along the albumin concentration gradient. It is to be noted 
here that, for lipoprotein, the viscosity and buovaney effects operate in 
opposite directions, so that distortions will tend to be minimized. 

It is thus evident that the classical method of boundary resolution ap- 
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plied to the albumin boundary is not apphlieable. Determinations such as 
those ot Pedersen snd \MeFarlane theretore, some tunetion of the 
concentration of lipoprotem that has piled up in the albumin boundary, 
but by no means the true serum lipoprotein content. 

In view of the low density of the lipoproteim (specific volume 0.97), a 
method capable of measuring its concentration in human serum is avail- 
able; namely, flotation. “Phe requirement that the density ot 
the serum be greater than that of the lipoprotein may readily be achieved 
by the addition of small quantities of sodium chloride. Once the hipopro- 
tem has moved a small distance uwayv from the base ot the cell im flota- 
tion, it then moves in an essentially homogeneous medium. Fortunately, 
the rate of flotation can be made sufficiently rapid so that the lipoprotein 
concentration measurements can be made before its boundary is obscured 
by meeting the sedimenting protein components. — Fig. 4, a, 6, and ¢ shows 
the progressive flotation of the low density lipoprotein, as studied in serum 


Fic. 4. Progressive flotation of lipoprotein in a serum containing 7.8 per cent 


added NaCl. 


containing 7.8 per cent of added sodium chloride. “The lipoprotein appears 
asan “inverse” peak, which is fully expected from the theory of the optical 
system. Since the specitie refractive increment of the lipoproteins is very 
close to that for other protems (5), the area under this peak is a measure 
of the concentration of the lipoprotein. At the density chosen for these 
studies, the albumin peak is essentially svmmetrical (Fig. 4, 4). A com- 
parison of the area under the lipoprotein peak with that under the albumin 
peak gives a measure of the abundance of low density lipoprotein relative 
to those substances measured ultracentriftugally as albumin. 

Ten sera from normal male and female voung adults were studied by 
the method of flotation. The results tabulated in Table | indicate the 
lipoprotein concentration to be of the order of 5 per cent of total serum 
proteins, an abundance far lower than that quoted in the literature on the 
basis of previous interpretation of sedimentation diagrams. 

The X protein has been suggested, by Pedersen to be a labile complex 
of albumin, globulin, and lipides on the basis of changes in the apparent 
foncentration of this component with changes in the serum protein and 
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salt concentrations. The pile up theory presented here could readily ex- 
plain the apparent changes in concentration of lipoprotem observed by 
Pedersen without invoking any dissociation of the molecule. — In Table 
Il is given the concentration of lipoprotein at) various total protein 
and salt concentrations for a single serum. Within the experimental 


Low Density Lipoprotein Content of Ten Normal Human Sera 


serum No Sp. gr. of serum Total protein Lipoprotein Lipoprotein 
gm. per 1) ml gm. per 100 mi per cent of total 

1.0305 O20 2.35 

2 1.0310 0.23 2.8 

3 1.0276 70S O.40 

1020S 7 1.4 

5 s Ww 0.24 2.9 

7 1.0204 7.40) 0.45 

1.0278 7.14 6.0 

1.244 5) 0.33 5.7 
10 1.0240 5.82 0.20 3.4 


Tasie Il 


Low Density Lipoprotein Content of a Single Human Serum Sample Obtained from 
Different Salt and Total Protein Concentrations 


Resultant 


Preparation of serum sample Cell used sp. at Lipoprotein Lipoprotein 

gm. per per cent 

folal proiem 
3.05% NaCl added 1 04S 1.6 
10S] OW 5.6 
volume serum + | volume SOD Nal 5.6 
“ “ + 3 volumes SOD NaCl 1 04S 0.46 6.5 


error of measuring small areas, the data indicate no significant var 
ation of lipoprotein content and hence the stability of this molecule, in ac- 
cord with the report of Edsall (6) on the relative stability of the low 
density lipoprotein to such manipulations as precipitation and re 
solution. 

It has been further stated that a densitv-sensitive Component is present 
only in the sera of humans (7). Ultracentrifugal studies reported elsewhere 


‘Lindgren, F. T., Elliott, H. A., and Gofman, J. W., in preparation. 
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have demonstrated the presence of such a component in about 60 per cent 
of rabbit sera. 


SUMMARY 


1. The difficulties which have prevented a satisfactory interpretation of 
the ultracentrifugal pattern of human serum, both diluted and undiluted, 
have been reviewed. 

2. The observation of a “‘dip” in the ultracentrifugal pattern of undi- 
luted human sera has led the present authors to explain the major peculi- 
arities of albumin boundary asymmetry as being due to a pile up of lipo- 
protein (X protein) on the albumin concentration gradient. The existence 
of the pile up phenomenon renders classical two-component resolution of 
asymmetrical albumin boundaries completely erroneous both in the caleu- 
lation of sedimentation rates and concentration of lipoprotein. 

3. A method for measuring the concentration of low density lipoproteins 
by flotation has been described and applied. The results of analysis of 
lipoprotein concentrations by this method are in much better agreement 
with electrophoretic and fractionation data concerning this lipoprotein 
than are the data in the literature up to the present. The data obtained 
in the present work render unnecessary the postulation of a great degree 
of lability of lipoprotein with variation in salt and protein concentration. 
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LETTERS TO THE EDITORS 


CHROMATOGRAPHY OF PURINES AND PYRIMIDINES 
ON STARCH COLUMNS 


Sirs: 


We have found that it is possible to obtain satisfactory resolution of 
the six bases, thymine, uracil, cytosine, adenine, guanine, and hypoxan- 
thine, by chromatography on a single column of the type developed by 
Stein and Moore' for amino acids. On known mixtures recoveries have 
averaged 100 + 4 per cent. The bases are easily identified by their 
absorption spectra which are characteristic, and not appreciably changed 
by passage through the column. The quantitative estimation of purines 
and pyrimidines by paper chromatography has been described by Vischer 
and Chargaff? and by Hotchkiss;? and Edman et al.‘ have reported the 
separation of adenine and guanine on a starch column. 

The starch columns employed in our work are 30 cm. in height and 0.9 
em. in diameter, and are prepared according to the procedure recom- 
mended by Stein and Moore. The solvent is composed of n-propanol 
and 0.5 N HCl in the proportions of 2:1. A solution containing from 
0.20 to 0.35 mg. of each base in 0.5 to 1.0 ml. of solvent is added to the 
top of the column. The effluent is collected in a regular series of 0.5 ml. 
fractions.® 

The fractions are evaporated to dryness in groups of 50 to 80 in a vac- 
uum desiccator warmed to about 40° by means of an infra-red lamp. 
Each residue is dissolved in 5 ml. of 0.1 N HCl. The extinction coeffi- 
cents of the solutions are measured in the Beckman spectrophotometer 
at wave-lengths corresponding to the absorption maximum for each 


‘Stein, W. H., and Moore, &., J. Biol. Chem., 176, 337 (1948). Moore, S., and 
Stein, W. H., J. Biol. Chem., 178, 53 (1949). 

* Vischer, E., and Chargaff, E., J. Biol. Chem., 168, 781 (1947). 

* Hotchkiss, R. D., J. Biol. Chem., 175, 315 (1948). 

‘Edman, P., Hammarsten, E., Low, B., and Reichard, P., /. Biol. Chem., .78, 
395 (1949). 

* The procedure for the addition of the sample to the column and the collection of 
the effluent is the same as that described by Stein and Moore. The authors wish to 
acknowledge many helpful suggestions from Dr. Moore and Dr. Stein which have 
aided in carrying out this work. 
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base. The weight of purine or pyrimidine in each fraction is calculated 
from the absorption of known solutions of the compounds. 

If the extinction coefficient or the weight of base in each fraction js 
plotted against effluent volume, a series of sharp, well separated peaks 


016+ 

012 

0.10 
re) 

0.06}- 

0.04+- 

0.02+- 


11.5 15.5 40 44 53.5 59 
Ml. effiuent 


ix obtained (see the figure). The curves are integrated by the addition 
of the analytical values for the points on a given peak. For accurate 
plotting and integration, an average fraction ahead of or behind the peaks 
should be used as the blank for measurement of the extinction coeff- 
cients. The positions of the peaks are reproducible to +10 per cent. 


The Rockefeller Institute for Medical Marte M. Dat 
Research A. E. Mirsky 
New York 
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AN ISOTOPIC STUDY OF PORPHYRIN AND HEMOGLOBIN 
METABOLISM IN A CASE OF PORPHYRIA* 


Sirs: 


It has been shown that glycine is a specific precursor of hemoglobin 
protoporphyrin of rats,' dogs,? and humans,’ of the coproporphyrin I of 
dogs,? and of stercobilin in humans.‘ 

Particular interest has attached to a case of “light-sensitive” (congeni- 


tal) porphyria, in which hemoglobin and porphyrin metabolism has been 
studied with the aid of glycine containing N¥®. 


Time | Hb protoporphyrin | Coproporphyrin I | Uroporphyrin I Stercobilin 
concentration | concentration concentration | concentration 
days aiom per ceniexcess atom per cent excess aiom per cent excess  alom per cent excess 
4 «5.686 2.918 1.057 
| 5.614* 
7 | 1.006 | 
8 | 2.594 3.234 2.991 
11 | 1.146 | 
12 | | 0.897 1.321 2.234 
15 1.057 | 
16 | 0.48 | 0.765 0.926 
18 | 


*N*® concentration of coproporphyrin I isolated from feces. 


A girl of 4 years, exhibiting photosensitivity, anemia, and spleno- 
megaly, excretes large amounts of coproporphyrin I, uroporphyrin I, and 
stercobilinogen. She was given 15 gm. of glycine containing 32.2 atom 
per cent excess N" in divided doses over a 3 day period. Serial deter- 
minations® were then made of the N® in the hemoglobin protoporphyrin, 
coproporphyrin I and uroporphyrin I of the urine, and the stercobilin of 
the feces. The most significant of the results thus far obtained 
are shown in the accompanying table. It can be seen that the uptake 
of N® by the hemoglobin protoporphyrin is considerably greater than 
that previously recorded for a normal subject. This is probably due to 


* Aided by a grant (RG 345) from the United States Public Health Service. 

'Shemin, D., and Rittenberg, D., J. Biol. Chem., 166, 621 (1946). 

*Grinstein, M., Kamen, M. D., and Moore, C. V., J. Lab. and Clin. Med., 33, 
1478 (1948). 

*Shemin, D., and Rittenberg, D., J. Biol. Chem., 159, 567 (1945). 

‘London, I., Shemin, D., and Rittenberg, D., J. Clin. Invest., 27, 547 (1948). 

* These were carried out by means of the mass spectrometer in Dr. Alfred O. C. 
Nier’s laboratory. 
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the fact that the patient exhibits markedly increased erythropoiesis 
(reticulocytosis 8 per cent, bone marrow normoblastic). The consider- 
able increase of N" observed in the coproporphyrin I, uroporphyrin I, 
and stercobilin suggests that they derive from a common pyrrole precur- 
sor, which is most likely also the precursor of the hemoglobin protopor- 
phyrin. The very high N™ concentration of the coproporphyrin I in the 
first period and its immediate rapid decrease accompanied by an increase 
of the N* concentration of the uroporphyrin I suggest the possibility 
that this is derived from coproporphyrin I as an expression of the meta- 
bolic error of porphyria. On the other hand the slower decrease of the 
N® concentration of the stercobilin and the decrease of the N"™ concen- 
tration of the hemoglobin protoporphyrin after the 11th day indicate that 
a minority of the stercobilin comes from the hemoglobin protoporphyrin 
as a result of destruction of the tagged hemoglobin. 


Depariment of Medicine Morsfés GrinsTetn® 
University of Minnesota Hospitals Ropert A. ALpRicu’ 
Minneapolis HawkINsoNn 

Cecit James Watson 


Received for publication, April 11, 1949 
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THE ACTION OF INSULIN ON THE DISTRIBUTION 
OF GALACTOSE IN EVISCERATED 
NEPHRECTOMIZED DOGS* 


Sirs: 


The intimate mechanism by which insulin acts has been looked for in 
a “biocatalytic” effect on one or several of the enzymatic steps of the 
intermediary metabolism of glucose.' However, insulin may not exert 
any direct action whatever upon the known enzyme systems of the ac- 
cepted carbohydrate scheme, but it may act by promoting the rate of 
transfer of glucose (and perhaps other substances) across certain cell 
membranes. Accordingly we are investigating the effect of insulin upon 
the rate of entry into tissues of substances other than glucose, prefer- 
ably non-utilizable, organic, naturally occurring compounds. 

This note reports data on the effect of insulin upon the rate at which 
injected galactose is distributed in eviscerated, nephrectomized dogs. 
Such preparations do not utilize galactose,? as is evident from the fact 
that, after a period of distribution, the level of galactose in the blood 
remains practically stationary. When insulin (1 unit per kilo) is ad- 
ministered with the galactose, the final stationary level of blood galactose 
is markedly lower than in its absence (Fig. 1). Without insulin, galac- 
tose is distributed in 45 to 47 per cent of the body weight Insulin in- 
creases the volume of distribution of the hexose to about 75 per cent of 
body weight, a figure close to that of total body water. Doubling the 
dose of insulin (2 units per kilo) does not lead to any further changes. 
Total body water is, of course, the upper possible limit to distribution. ‘#ea# 

The working hypothesis prompted by these data can be stated as fol- 
lows: Insulin acts upon the cell membranes of certain tissues (skeletal 
muscle, etc.) in such a manner that the transfer of hexoses (and perhaps 
other substances) from the extracellular fluid into the cell is facilitated. 
The intracellular fate of the hexoses depends upon the availability of 
metabolic systems for their transformation. In the case of galactose 
no further changes occur. In the case of glucose, dissimilation, glycogen 
storage, and transformation to fat are secondarily stimulated by the 
rapidity of its entry into the cell. 


*This work was aided by a grant from the Sugar Research Foundation, Inc* 

'Soskin, S., and Levine, R., Carbohydrate metabolism, Chicago, 180 (1946). 
Colowick, S. P., Cori, G. T., and Slein, M. W., J. Biol. Chem., 168, 583 (1947). Broh- 
Kahn, R. H., and Mirsky, I. A., Science, 106, 148 (1947). Bloch, K., and Kramer, 
W., J. Biol. Chem., 173, 811 (1948). Stadie, W. C., and Haugaard, N., J. Biol. Chem., 
177, 311 (1949). 

* There is also no demonstrable utilization of galactose by rat diaphragm in vitro. 
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Fic. 1. Blood galactose levels following intravenous administration of galactose 
to eviscerated, nephrectomized dogs. Insulin was started 4 hour before galactose 
administration and continued throughout the experiment. All the dogs received 
intravenous glucose (0.125 to 0.25 gm. per kilo per hour in 26 ce. of saline). 


If this hypothesis is confirmed, it opens the question of mechanism by 
which a molecule of the insulin type may affect the transfer of 


substances. 
Department of Metabolic and R. LEvINE 
Endocrine Research M. Go.LpsTEIn 
Medical Research Institute S. Kern 
Michael Reese Hospital B. HuppLEstuN 
Chicago 
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SUBSTRATE UTILIZATION IN MAMMALIAN 
ERYTHROCYTES 


By SAMUEL 8. SPICER anp ARIEL M. CLARK 


(From the Laboratory of Physical Biology, Experimental Biology and Medicine 
Institute, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, November 15, 1948) 


There has been frequent reference to the formation of carbon dioxide 
| during red blood cell metabolism. Phenylhydrazine treatment of eryth- 
§ rocytes, by supplying an autoxidizable component, hemin, was said by 
| Warburg to stimulate carbohydrate utilization and carbon dioxide pro- 
| duction (1). The presence of either methylene blue or methemoglobin 
(MHb) was found to increase erythrocyte respiration, giving an R.Q. 
which was less than 1.0 because of pyruvate formation (2). Carbohy- 
drate balance studies in which it was demonstrated that more glucose 
| disappeared from methylene blue-treated red cells than could be ac- 
» eounted for as lactate and pyruvate led Wendel to the conclusion that 
© glucose is metabolized by two paths, one leading to pyruvate, the other 
| to carbon dioxide (3). Acetaldehyde has been identified in erythrocytes 
» by Barker (4), but according to Wendel it is not formed from pyruvate, 
§ the latter being inert in red cells (3). Although red corpuscles contain 
§ eocarboxylase (5), no specific reaction of decarboxylation has been identi- 
fied in them. It seemed probable that malate and fumarate, which are 
| known to be utilized by erythrocytes (6) would serve as substrate for such 
| areaction. This question was studied in manometric experiments after 
it was first determined that lactic acid is formed from these substrates 
| inwashed erythrocytes. 

The metabolism of four sugars in red cells, investigated recently in 
regard to their ability to reduce methemoglobin (6), is studied here in 
connection with glycolysis, in part at least to compare these two reac- 
@ tions. In addition, the manometrically determined reaction rates with 
the several substrates and MHb reduction rates are compared for three 
| species, dog, cat, and rabbit. 


EXPERIMENTAL 


| Measurement of Lactic Acid—Lactate was determined in erythrocytes 

obtained from the pooled blood samples of several rabbits, washed six 

times by centrifugation in about 6 volumes of sterile physiological saline. 

The packed cells were resuspended in an equal volume of a 1:1 solution 

of 0.85 per cent NaCl and 0.1 m NasHPO, brought to pH 7.4 with 1 N 
987 
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HCI (saline-phosphate buffer). To 5.0 ml. of the suspension placed in 
each of four paraffinized flasks was added 0.7 ml. of 0.85 per cent saline 
for a control, or 0.7 ml. of 0.25 m solution of sodium malate (Eastman), 
fumarate (Eastman practical, recrystallized), or succinate (Eastman), 
A sample was removed for lactic acid determination (7) immediately upon 
addition of each substrate and at intervals during incubation in a 38° 
water bath. This experiment showed an increase in lactic acid in washed 
erythrocytes incubated with malate or fumarate, but not in cells treated 
with succinate (Table I). Also apparent in Table I is the fact that after 
2 hours fumarate is more effective than malate in lactic acid formation. 
Lactate formation from malate was confirmed with dog and cat erythro- 
cytes. The inability of hemolyzed cells to produce lactic acid from added 
malate or fumarate was demonstrated in a similar experiment on washed 
cells diluted 1:3 in distilled water. 


Tasiz I 
Lactic Acid Formation in Rabbit Erythrocytes 
The results are expressed in mg. per 100 ml. of cell suspension. 


Hrs. after adding substrate 
0 2 4 6 
5.5 5.6 11.8 10.2 
13.1 29.1 40.8 53.7 
| 4.2 6.3 13.1 9.0 


* Average results from four experiments with pooled blood of several animals. 


Evidence was available from results in Table I, and the experiment on 
hemolyzed cells, that malate interferes in the lactic acid determination. 
This point was investigated by using the chosen method for lactic acid 
measurement on pure water solutions of malate and fumarate. Values 
of 0.0 and 111.0 ¥ of lactic acid were obtained on 0.1 ml. (3.3 mg.) of 0.25 
m fumarate and malate, respectively. The interference was not deter 
mined with the malic acid later purified for use in the manometric tests. 

Manometric Studies—As a more accurate and convenient means of 
measuring the rate of substrate utilization in washed erythrocytes, the 
anaerobic Warburg method was employed (8). For these runs heparin 
ized! blood samples from a number of animals of a species were pooled 
and washed four to six times as described. Finally the cells were cet- 
trifuged 30 minutes at 1700 X g and stored overnight in the cold. A 


! Purified Connaught heparin was used, since crude heparin inhibited hexose utili- 
zation. 
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measured volume of the packed cells was mixed with an equal volume of 
Krebs-Ringer bicarbonate buffer (8), and 4.0 ml. of the cell suspension 
were placed in the main chamber of a 15 ml. capacity Warburg flask. 
In the tests employing metabolic intermediates 0.7 ml. of 0.25 m sub- 
strate solution was placed in the flask side arm; in hexose runs, 0.3 ml. of 
sugar solution was used with Krebs-Ringer bicarbonate as needed to 
equalize dilution in all vessels. Fructose was used in 10 per cent and the 
other sugars in 5 per cent solution. Substrate-free control vessels (endoge- 
nous controls) received 4.0 ml. of cell suspension in the main chamber and 
0.7 ml. of Krebs-Ringer bicarbonate in the side arm. The flasks were 


Taste II 
CO; Evolution by MHb and MHb-Free Rabbit Erythrocytes from Various Substrates 
The results are expressed in microliters per hour. 


| Experiment 1 | Experiment 2 | Experiment 3 
No | No No 
| | 
45.2 30.6, * | 30.6| 36.6) 27.8 
64.3 41.7 | 58.8 36.1 | 55.5) 38.1 
(17.0 7.4/11.0) 4.0! 5.3) 2.6 
(12.6 2.8) 13.1 0.0) —5.5| —4.8 


Blood cells were prepared as follows: Experiments 1 and 2, 0.14 ml. of 1 per cent 
NaNO; per ml. of cells was added to half the cells (washed six times) at room tempera- 
ture 2 hours before the rates were measured. Experiment 3, half the sample was 
incubated at 38° for 30 minutes with 0.14 ml. of 1 per cent NaNO; per ml. of cells 
before washing six times; non-MHb cells were incubated 30 minutes at 38° and 
washed simultaneously with MHb cells. The rates are given for the period 14 to 34 
hours after tipping in the substrates. 

* Run failed through technical fault. 


fitted into the 40° water bath and an anaerobic system was achieved by 
10 minutes ventilation with 5 per cent carbon dioxide in nitrogen, first 
passed through a hot copper furnace. After gas liberation had ceased or 
reached a slow even rate in all flasks, the substrates were tipped into the 
main chamber. Readings were taken at intervals of 15 or 20 minutes. 

Carbon dioxide evolution was observed in washed erythrocytes when 
supplemented with glucose, fructose, mannose, galactose, fumarate, 
malate, or pyruvate, but not when supplemented with lactate or succinate 
(Tables II and III). No gas was evolved in the absence of red cells with 
any of these substrates tipped into Krebs-Ringer bicarbonate buffer, 
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except for an unsustained expulsion of gas with pyruvate which stopped 
completely within 75 minutes after tipping. Malic and fumarie acids 
did not promote carbon dioxide evolution when added to a 1:1.5 or 1:3 
dilution of red corpuscles in water with or without additional Krebs- 
Ringer bicarbonate. Though rates varied considerably from day to day, 
especially with cat cells, the average per cent deviation from the mean 
for duplicate flasks in thirty-nine runs was 3.8. Steady carbon dioxide 
liberation occurred with malate and fumarate when the bicarbonate 
medium was replaced by the saline-phosphate buffer. 


Taste Ill 


Summary of Tests from Which Course of Substrate Utilization (Figs. 1 to 3) Was 
Determined 


The results are expressed in microliters per hour. 


Dogs | Cats | Rabbits 

Substrate No. Average No. No. | average ~ 

runs? runs® "tet runs? "Stef 
27 21.0' 3.6 | | 25.8 7.0) 13 | 48.7 | 10.4 
2 20.5 4.8 | 5 | 24.5 11.6) 6 59.3 11.7 
EE 25 22.0, 4.0/5! 19.6 7.6) 6 56.8 12.3 
6 1.2 0.9 | 3 | -0.5 1.8; 13.5) 3.1 
Endogenous control. ....... 6 -3.8 1.9 | 6 | —2.65 1.8; 3.5) 2.0 
Pyruvatet...._ | 4.0 4.9 | 4 | -0.4) 2/111) 81 
Malate......... | & 17.4 6.6) 4.3 3.6 | 7 | 38.3! 7.2 
e's 6 33.8 7.5 | 8.9) 4.0, 7 44.5) 7.7 


* Erythrocytes used for each run were derived from pooled blood samples from 
six to fifteen (usually twelve) animals in each species. 

t The figures represent averages of rates computed for the period 2 to 3¢ hour 
after tipping, except for hexose rates in rabbits, which were computed for 1 to 3} 
hours. 


t Rate corrected for gas evolved by substrate blank. 


Table II shows that carbon dioxide liberation is more rapid with malate 
and fumarate and less rapid with glucose in methemoglobinized than i 
methemoglobin-free corpuscles. It is also apparent that lactate and 
succinate are not utilized. 

In Table III are shown the number of runs made and the average rates 
of carbon dioxide liberation obtained in washed dog, cat, or rabbit eryth- 
rocytes supplemented with any of seven active substrates or treated with 
buffer alone. Rates at different phases of the run obtained by averaging 
results from the several trials are shown in Figs. 1 to 3. 

It is to be noted that in dog cells the rate obtained with glucose, fruc 
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tose, Or Mannose increased progressively throughout the run. Fructose 
in this species, in contrast to the other hexoses, caused gas absorption 
during the Ist hour and then gave a steadily increasing rate of carbon 


+70 | 
+60 | —... DOGS 
\ SUBSTRATE 
\ @ Glucose @ Endogenous Contro! 
\ O Fructose Metabolic © Molote 
\ ® Monnose intermediates Pyruvate 
\ ® Goloctose © Fumorote 
+40 \ 
\ | 


20-  20- 40- 60- 80- 100- 120- '80- 


d MINUTES AFTER TIPPING 
Fic. 1. Carbon dioxide evolution at intervals in the course of substrate utiliza- 


% tion in washed dog erythrocytes. t+, corrected for substrate blank. 

bh | dioxide liberation which after 3 hours equaled that of glucose and man- 

1g | 20se. Since a period of absorption invariably preceded the phase of gas 
evolution in all fructose runs in dogs whether 0.3 or 0.6 ml. of 5 per cent 

y- } 00.3 ml. of 10 per cent solution was employed, this initial negative phase 
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was not due to a possible hypertonic effect of the 10 per cent solution. | r 
Moreover, with either glucose or mannose as substrate in dog cells no r 
difference in any phase of the run was noted whether 0.3 ml. of 10 per —s 
cent or 0.3 or 0.6 ml. of 5 per cent solution was used. The period of ab- —_— 4 
sorption with fructose occurred at a time when a small amount of gas 
was still evolving from endogenous controls. 


+€ 
+50 ; | 
| | | +§ 
\ | | | | 
| b | 
+3 

O Fructose Metadolic © Malate 

-20 Hexoses © Monnose Intermediates ) © Pyruvate ¢ 
© Goloctose © Fumorate -20 

L 1 


i i | 
40-  60-  60-  100-  120- 140-  160- 180- 
40 60 80 100 120 140 160 180 200 220 


MINUTES AFTER TIPPING 


Fia. 2. Course of substrate utilization in cat erythrocytes. t+, corrected for sub- 
strate blank. | “49 


The metabolism of these hexoses in cat erythrocytes was relatively ; 
steady from the beginning, being somewhat slower with mannose than — 
with the other two (Fig. 2). In this species the average rates given for — 
hexose were derived only from runs in which glucose, fructose, and man- — 
nose were employed simultaneously on a portion of a cell suspension. | 

As shown in Fig. 3 a steady rate of utilization was obtained also 0 © 
rabbit cells, except that fructose and mannose failed to attain a maximal 
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| rate as quickly as glucose. Fructose and mannose invariably gave higher 
gates than glucose each of five times these three hexoses were tested si- 
multaneously with aliquots of a batch of rabbit cells. There is a tend- 


| | | | | 
| 
RABBITS 


- 


@ Endogenous Control ~ 


O Fructose Metabolic O Malate 
© Galactose © Fumorote 


. | j 
| 20- 40- 60- 80- 100- i80- 
40 60 80 100 120 140 160 180 200 220 


MINUTES AFTER TIPPING 
+ Fig. 3. Course of substrate utilization in rabbit erythrocytes. t, corrected for 
substrate blank. 

| ey for the rate of hexose utilization to drop off after 2 hours in rabbit 
i” corpuscles; this trend might be due to greater lability of the very active 
) rabbit glycolytic mechanism. 


+70 
7 © | 
© 
/ LY | 
| | A 
vif 
| N 4\f | 
12 
Va | 
| | SUBSTRATE 
=20F @ Glucose 
| | 
—- | 
| 


994 MAMMALIAN ERYTHROCYTES 


Galactose caused slow gas evolution compared with the other sugars, 


Each of the sugars gave approximately the same rate in cats as in dogs | 


but a rate almost 2 times greater in rabbits. 

A wide variation in results was obtained among the three species in 
the experiments with metabolic intermediates. The carbon dioxide 
liberation by dog erythrocytes supplemented with malate began at a low 
rate which increased progressively for the duration of the experiment. 


This picture was reversed in cat cells, in which gas evolution started at — 


a relatively high level and decreased until a slow, steady rate was reached 
after about an hour. Gas absorption in the early stages of the run with 


malate in rabbit erythrocytes gave way to rather rapid evolution as the | 


experiment progressed, the rate leveling off after about 2 hours. 


Fumarate, following an early period of gas absorption, finally produced | 
a constant rate of evolution in dogs and rabbits; the period of absorption | 


was too prolonged in cats to make it possible to determine whether a 
constant rate with fumarate would have been reached eventually. Pyru- 
vate utilization is apparent from the slow but persistent rate obtained 
over a period of 3} hours or more. This rate, computed from 2 hour 
after tipping substrate, was preceded by an unexplained expulsion of gas 
at the outset which continued for the 1st hour after tipping. 


The rates at which the several intermediates are utilized are several _ 


times greater in dogs than in cats, and nearly two times greater in rabbits 
than in dogs. Control vessels show a small and gradually vanishing carbon 
dioxide output, which is most marked and prolonged in rabbits, and which 


might be associated with the presence of impermeable hexose esters not 
removed during washing. This was the explanation given by Wendel — 


for the lactate formation in unsupplemented washed dog corpuscles (3). 
The greater activity of rabbit endogenous controls may be compared with 
the ability of unsupplemented washed rabbit cells to reduce MHb, 
contrast to the absence of such reduction in similarly prepared cat and 
dog cells.? 


The effect of three hexoses added at various levels to washed dog and — 


rabbit erythrocytes is shown in Table IV. The three sugars were used 


with aliquots of the same batch of cells at each level tested. It is appar | 
ent that with glucose and mannose a maximal rate of utilization is ap | 


proached in both species by increasing the concentration of substrate to 
about 300 mg. per cent. Fructose, on the other hand, is much less effec 
tive than glucose or mannose at low levels but yields greater rates thal 
these when added in high concentrations. The relative ability of these 
three sugars at varying concentrations to produce carbon dioxide evolt- 


*? Unpublished results. 
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tion in dog erythrocytes corresponds closely with their relative ability 
to reduce methemoglobin (6). 

The effect of the sugars in combination was determined with dog eryth- 
rocytes. In Table V are given the rates of carbon dioxide liberation in 
several experiments in which aliquots of a washed red cell suspension 
were tested with hexoses singly or in paired combinations. To 4.0 ml. of 
cell suspension prepared from the washed pooled blood of six dogs were 
added 0.3 ml. of the 5 per cent sugar solutions (except fructose, 10 per 
cent) and Krebs-Ringer bicarbonate buffer to equalize dilutions. Galac- 
tose alone, it appears, is additive in effect with the other hexoses. This 
finding and the lowered effectiveness of mannose and fructose in combina- 
tion were also observed in utilization of the sugars to reduce MHb (6). 


TaBie IV 


Rate of Carbon Dioxide Evolution (Microliters per Hour)* by Dog and Rabbit Erythro- 
cytes in Relation to Hexose Concentration 


Glucose | Fructose Mannose 
Substrate 
Dogs Rabbits | Dogs Rabbits Dogs | Rabbits 

mg. per cont | | 

14.7 | 10.1 | 

29.4 15.9 | 16.4 

58.7 17.6 -1.7 17.0 | 

146.8 18.5 1.6 
292.6 20.0 50.6 14.5 23.6 | 54.1 
586.5 21.7 49.8 22.9 6.7 | 20.6 | 49.0 

1174.5 | | | 20.7 67.7 | 


* The rates were computed for the period 2 to 33 hours after tipping. 


An initial burst of gas evolution at tipping substrate or Krebs-Ringer 
bicarbonate buffer into the red cell suspension was noted in all the mano- 
metric tests. This sudden gas expulsion in hexose runs appears to be 
due mainly to the effect of the buffer in the side arm, since the magnitude 
of the burst decreases in order with buffer alone, mixed solutions of equal 
quantities of buffer and sugar, and sugar alone. Although the burst 
was somewhat larger with fructose than with other sugars, the charac- 
teristic early period of absorption in fructose flasks apparently is not a 
compensation for the large burst at tipping, since fructose in combina- 
tion with other sugars caused the usual initial negative period without 
a larger burst. 

Fumarate has invariably proved superior to malate in our experiments. 
In order to rule out the possibility that the lesser activity of malate might 
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be due either to inhibitory contaminants in our malate preparation or 
to inhibition of its metabolism by excess malate, experiments were con. 


TaBLe V 
Additive Effect of Hezoses in Dog Erythrocytes 
All rates are given as microliters of CO; per hour for the period 2 to 4 hours after 


tipping. The per cent change was computed from the greater of the two single 
hexose rates involved. 


Experiment | Experiment | Experiment | Experiment | Experiment | Experiment 
Per Per Per Per | Der 
pa cent [Rate cent | Rate | cent | Rate | cent | Rate | cent | Rate | cent 
c change change change change 
wl pl wl pl. pl. pl. 
G. 23. 25.4 12.6 26.0 21.0t 25.3 
F. = 20.4 10.3t 30.4 18.5 30.5 
M. 0 26.6 15.2 25.8t 26. 2t 
Ga. 2.2 0.0 1.4 0.9 
G. + F. 23.0) —5.9)36.4 19.7/22.9 | 9.0 \30.8t 1.0 
+ M, 25.3| | 9.2:26.0 0.0/23.0t| 9.5 |28.8 9.9 
M. + F. 22.0|—22.7|24.2| —9.9,16.0 5.3)25.3 —20.2)19.6¢) 4.8 24.0t|—27.) 
G. + Ga. 26. 14.0/28.7| 13.016.3 | 29.4'30.2 | 16.2 
F. + “ 28.2) 17.0/29.2| 43.1)18.0 | 74.833.8 | 11.2 
M.+ “ 28.4| §.2/30.3) 13.9/19.1 | 25.6 
Experiment 7 Experiment Experiment 9 | Experiment 10 | Average 
Substrate® 
a rw of | 
G. 14.8t 18.8t | 18.7¢ | 23.2t | 
F. 24.9 | | 
M. 14.6 26.1 | | 
Ga. | | | | | 
G.+F 25.6t 2.8 0.0 
“4M 17.3 16.9 
M.+F 19.3t —29.0. | | 
G. + Ga | 24.1 18.2 
F. + “ 27.2t 38.8  26.5¢ 26.2 | 32.3¢ 44.2 36.5 
M. + “ 24.6f 3.4 3.5 4.2 9.3 


* G. represents glucose; F., fructose; M., mannose; and Ga., galactose. 
t Represents average of results obtained on duplicate flasks. 


ducted at several levels with 98 per cent pure malic acid® (9) and recrys 
tallized fumaric acid. The results in Table VI show the advantage d 


+ Melting point, 98-98.5°; specific rotation: acetone,c = 4.76,la]p = —6.7°+0.1'. 
The method of purification was modified at the point of final recrystallization, whic ) 
was effected from ether solution with benzene. 
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fumarate over malate at the several levels tested with these prepara- 
tions. The same ratio of fumarate to malate activity was obtained with 
these substrate and cell preparations when a portion of the cells was con- 
verted to “MHb cells” (6) and the rate of MHb reduction was deter- 
mined, except that at the highest concentration fumarate and malate 
were equally effective. 

MHb reduction rates in methemoglobinized washed erythrocytes of 
the three species were measured by using the four hexoses and sodium 
lactate, malate, and fumarate as substrates according to the method de- 
scribed previously (6). Comparing’ manometric and MHb reduction 
rates shows but little disparity between the two means of studying red 
cell metabolism. In both types of measurements rabbits gave the fastest 
rates with all substrates and cats the slowest, except that cats and dogs 


TaBLe VI 
Rate of Carbon Dioxide Evolution in Rabbit Erythrocytes according to Concentration 
of Malate or Fumarate* 
pl. COs per hr ul. COs per hr. 
0.03 —0.6 
0.05 0.9 
0.09 3.6 12.7 
0.18 9.0 20.2 
0.36 14.8 27.8 
0.70 27.6 35.2 


*Similar results were obtained with commercial c.p. malic and fumaric acids 
(Bios). 


have the same rates with sugars. The order of utilization of the hexoses 
showed one definite discrepancy between MHb reduction and mano- 
metric rates in that in dogs mannose was relatively slower than glucose 
and fructose only in regard to MHb reduction. 

On plotting the MHb concentration against time two types of curves 
were encountered: one giving a straight line on log paper was obtained 
with all seven substrates in rabbit cells and with lactate, malate, and 
fumarate in dog or cat cells, and the other giving a straight line on a 
linear plot was obtained with the hexoses in cat and dog cells. Fumarate, 
and less definitely malate, showed a lag period of about 30 minutes be- 
fore a maximal rate of MHb reduction was reached. This was most 


distinct in rabbit MHb corpuscles, for which the rates attained were 
relatively very rapid. 
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DISCUSSION 


The malate conversion to lactate in erythrocytes in all probability 
resembles anaerobic glycolytic lactate formation in its alternate oxida- 
tion and reduction of di- or triphosphopyridine nucleotide. Accelera- 
tion of the rate of gas evolution with malate or fumarate by the presence 
in the cell of MHb would appear to be due to oxidation of and increase 
in the rate of turnover of the pyridine coenzyme. The supply of the 
oxidized coenzyme may then perhaps be regarded as a limiting factor in 
determining the rate. The impaired glycolysis in MHb-containing cells 
may be due either to an effect of MHb on glucose metabolism or, more 
likely, to an unfavorable effect of nitrite on the glycolytic mechanism. 

An explanation for the superiority of fumarate over malate could be 
either that the erythrocyte is more permeable to fumarate or that it 
metabolizes fumarate by a route other than through malate. The steady 
gas evolution with malate and fumarate in either saline-phosphate or 
bicarbonate buffer probably results from decarboxylation. The lactate 
determinations establish that such a reaction does occur in erythrocytes. 
That a slow rate is obtained manometrically with large amounts of pyr- 
vate suggests utilization of this substrate in a limited manner in some 
reaction such as decarboxylation. 

The relative effectiveness of glucose, fructose, and mannose might be 
explained on a basis of affinity for an enzyme required in common, such 
as hexokinase. This could explain also the failure of these sugars to 
improve one another additively. The relative order found for the rate 
of phosphorylation of fructose, glucose, and mannose by yeast hexokinase, 
i.e. 1.4:1.0:0.3 (10), is not in good agreement with the relative rate of 
utilization found here in erythrocytes. According to Krahl and Cori, 
the enzyme hexokinase probably limits the rate of glucose utilization in 
rat diaphragm (11). A delay in utilization of fructose could be explained, 
perhaps, by postulating a path for fructose metabolism in red cells similar 
to that thought to occur in liver (12), t.e. via fructose-1-phosphate. It 
is not understood why a preliminary phase of gas absorption occurs in 
dog cells with this substrate. Transfer of phosphate from adenosine 
triphosphate to glucose, the initial step in glucose metabolism, involves 
liberation of 1 acid equivalent (10). By way of explanation of the pro 
gressively increasing rates with hexoses in dogs, it may be suggested that 
the increase in pyrophosphate on incubation of blood (13), z.e. the progres 
sive increase in adenosine triphosphate resulting from anaerobic glycoly- 
sis (14), increases the rate of utilization of the hexoses in a progressive 
manner. 

The fact that rates are faster in rabbit cells than in cat and dog cor- 
puscles with each substrate might be a result of greater permeability of 
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rabbit erythrocytes or it might be due to greater concentration or rate 
of turnover of the essential respiratory enzymes. A similar explanation 
may be projected for the feeble utilization of the intermediates in cat cells. 
Even the endogenous controls are faster in rabbits, and this activity pre- 
sumably is due to impermeable metabolites retained in the washed cell. 


SUMMARY 


The formation of lactic acid from metabolic intermediates in washed 
erythrocytes has been investigated. Malate and fumarate, but not suc- 
cinate, are converted to lactic acid in rabbit erythrocytes. Commercial 
malic acid interferes with the determination of lactic acid by the method 
used. Conversion of malate or fumarate to lactic acid was not observed 
in hemolysates. 

The metabolism of seven substrates has been studied manometrically 
in erythrocytes of three species. Red blood cells treated with either 
malate or fumarate evolve carbon dioxide anaerobically from bicarbonate 
medium and do so more rapidly in the presence of methemoglobin. Fu- 
marate metabolism, after an initial negative phase, proceeds at a faster 
rate than malate. Pyruvate produces a slow but persistent rate of gas 
evolution in these anaerobic tests. 

Four hexoses are metabolized in dog, cat, and rabbit erythrocytes, 
the relative activity being approximately the same for mannose, glucose, 
and fructose, but much less for galactose. Fructose reaches a maximal 
rate more slowly than glucose and mannose in rabbit and dog corpuscles, 
and in the latter shows an initial period of gas absorption whether used 
singly or in paired combination with the other sugars. Glucose, fructose, 
and mannose yield progressively increasing rates in dogs, and steady 
rates in cats and rabbits. Fructose in dog erythrocytes is less active than 
glucose and mannose at low, and more active at high, concentrations. 
Galactose activity is additive with that of the other sugars in dog cor- 
puscles; fructose and mannose combined are less effective than the faster 
of these sugars used alone. 

Metabolic activity with hexoses in rabbit cells is nearly double that in 
cat and dog cells. With malate, fumarate, and pyruvate, carbon dioxide 
evolution is accomplished nearly twice as fast in rabbits as in dogs, which 
in turn utilize these substrates several times faster than cats. Succinate 
and lactate cause no gas liberation in the erythrocytes of any of the three 
species. 

MHb reduction rates agree in general with manometrically deter- 
mined rates in regard to relative effectiveness of the substrates and ac- 
tivity in the three species. MHb reduction follows the pattern of a first 


order reaction except for resembling a zero order reaction with hexoses 
in dog and cat cells. 
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The authors are indebted to Dr. E. N. Fry for assistance in the purifi- | 


cation of l-malic acid. 
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THE INCORPORATION OF RADIOACTIVE CARBON 
DIOXIDE AND ACETATE INTO LIVER 
PROTEINS IN VITRO* 
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(From the Department of Biological Chemistry, and the Biophysical Laboratory, 
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During the past 2 years, a number of papers have appeared dealing 
with the subject of in vitro peptide bond synthesis. Melchior and Tarver 
(1) have described the incorporation of radioactive methionine into the 
proteins of rat liver slices. From this laboratory a preliminary report 
(2) has been presented describing the results of experiments on the fixa- 
tion of radioactive carbon dioxide in rabbit liver slices in which the pro- 
teins of these slices were shown to contain dicarboxylic amino acids la- 
beled in the carboxyl positions adjacent to the amino groups. Several 
other laboratories have reported the in vitro incorporation of C-labeled 
amino acids into the proteins and peptides of tissue slices (3-6), and 
homogenates (5, 7), and of erythrocytes (8). Cohen and McGilvery 
(9) have studied the formation of the peptide, p-aminohippuric acid, by 
liver homogenates and by the insoluble protein fraction obtained from 
these. 

The significance of all of these studies (excepting those of Cohen and 
McGilvery in which a single, easily identifiable peptide compound was 
under consideration) depends on the assumption that the “turnover” 
actually takes place in the peptide chain of proteins. Other, but un- 
likely, possibilities are peptide bond formation on side chain amino and 
carboxyl groups, or the adsorption of added labeled compounds, not re- 
moved by the precipitating and washing procedures. Indeed, such pos- 
sibilities would also apply to the bulk of the in vivo studies on which the 
theory of the dynamic state of body proteins stands. 

Assuming, however, the unlikelihood of these possibilities, the data in 
the above reports lead to certain tentative conclusions: First, the neces- 
sity for oxidative energy; and second, the localization of at least some 
of the enzymes involved in the insoluble particles of the tissue cells. 
Whether or not the mechanism of incorporation of the amino acid units 
into the protein molecule is the same in those studies with labeled amino 

* This work was supported in part by a contract between Harvard University and 


the Office of Naval Research, and in part by a grant-in-aid from the Josiah Macy, 
Jr., Foundation. 
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acids and in the present experiments in which the slices must synthesize 
their own radioactive molecules by CQO, or acetate fixation is not clear 
at present. As will be seen below, certain experiments suggest the pos. 
sibility that some radioactive compound other than the amino acid jt- 
self may be the immediate precursor to peptide bond turnover in the case 
of aspartic and glutamic acids. 

The in situ formation of labeled amino acids in the “turnover’’ studies 
to be reported below possesses one inherent advantage over in vitro ex- 
periments with labeled amino acids. The conditions under which pro- 
tein turnover might take place are more nearly physiological than in the 
presence of an abnormal excess of a single labeled amino acid, ordinarily 
present in rather small amounts. 

In the present paper, a comparison is made of the rates of incorpora- 
tion in proteins of radioactivity from inorganic carbon dioxide and from 
carboxyl-tagged acetate. The results show that the carboxyl carbon 
of acetate is incorporated in the protein dicarboxylic amino acids without 
first becoming carbon dioxide. This acetate carboxyl carbon appears to 
be incorporated at a rate about one-quarter to one-half that of carbon 
dioxide incorporation. 


Methods 


Liver slices from fasted rabbits were incubated in suitable media con- 
taining radioactive carbon as NaHC"™QO,; or as carboxyl-labeled sodium 
acetate. The sodium acetate was prepared by a modification (10) of the 
method of Sakami, Evans, and Gurin (11). Except for the addition of 
40 mm of pyruvate and 7.5 mm of alanine in most of the experiments, 
the incubation media were identical with those described previously (12). 

Immediately after the removal of the liver from the animal, three 
slices, 0.5 mm. thick, were cut with the Stadie slicer and placed in 50 nl. 
Erlenmeyer flasks containing 3 ml. of incubation medium. The Erlen- 
meyer flasks had sealed in side arms, fitted with vaccine ports for adding 
reagents and removing gas samples for analysis. The mouths of the 
flasks carried 2-holed rubber stoppers through which passed two glass 
tubes to permit flushing the flasks with appropriate gas mixtures (5 per 
cent CO,.-95 per cent oxygen, unless otherwise stated). After a 5 minute 
period during which the gas mixture was passed through the vessels, the 
gassing ports were clamped shut, and an 0.04 to 0.08 ml. aliquot | 
of NazC“O; (about 0.0015 mm) or carboxyl-labeled sodium acetate (about — 
0.0017 mm) was added with a constriction pipette (13). These additions 
were made through the side tube and the vaccine ports which had been 
removed were quickly replaced. The vessels were rocked slowly in 4 
constant temperature room at 38 + 1°. At the end of the incubation 
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period, 3 ml. of 10 per cent trichloroacetic acid were added through the 
yaccine port by means of a hypodermic syringe. 

Gas samples were withdrawn with a syringe from the flask through the 
yaccine port and transferred at once to a centrifuge tube containing 1 ml. 
of barium hydroxide. The radioactivity of a weighed portion of the 
precipitated barium carbonate was measured and the specific activity 
of the inorganic carbon in the flask was calculated. Experiments showed 
that, with the ratio of medium to tissue employed, the specific activity 
of the inorganic carbon in vessels with added Na,C“O; did not change 
by more than 5 per cent during a 4 hour period of incubation. 

The tissue slices and medium were transferred to a mortar and ground 
thoroughly. The finely ground tissue was then washed three times by 
centrifugation and resuspension in cold 5 per cent trichloroacetic acid, 
three times in 50 per cent alcohol-ether, and once in ether. The protein 
material remaining, after drying, was hydrolyzed for 20 hours in 6 N 
HCl. The hydrolysate was decolorized with charcoal, concentrated to 
dryness in vacuo over sodium hydroxide pellets, and made up to a known 
volume, usually 2 or 3 ml. 

The dicarboxylic amino acid fraction was prepared from a portion of 
this hydrolysate. 1 ml. of the hydrolysate was brought to pH 10 with 
saturated barium hydroxide, and 0.2 ml. of additional Ba(OH), was 
added to provide an excess. The addition of 3 volumes of alcchol gave 
a flocculent precipitate which was centrifuged. This barium precipitate 
was decomposed with sulfuric acid, the barium sulfate centrifuged out, 
and the dicarboxylic amino acids reprecipitated from the supernatant 
in the same manner as described above. After decomposition of this 
precipitate with sulfuric acid, the absence of appreciable contamination 
by other amino acids was demonstrated by the filter paper chromato- 
graph technique of Consden, Gordon, and Martin (14). As a standard 
for comparison with the unknown solutions, a drop containing glutamic 
and aspartic acids in equal proportions plus phenylalanine to the extent 
of 5 per cent of one of these was placed on the filter paper strip. This 
amount of phenylalanine gave an easily detectable spot, while the un- 
known solutions yielded only the spots characteristic for glutamic and 
aspartic acids. The purity of the fraction was further demonstrated by 
ninhydrin-Van Slyke analysis and by the use of glutamic acid decar- 
boxylase (15). 

An aliquot of the dicarboxylic amino acid fraction was treated with 
ninhydrin by the usual manometric technique (16), and the liberated 
CO; fixed as barium carbonate by delivery into barium hydroxide. This 
CO, was derived from the a- and #-carboxyl groups of aspartic acid and 
the a-carboxyl group of glutamic acid. In some experiments, glutamic 
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acid decarboxylase was employed to release only the carbon dioxide of | 
the a-carboxy] group of glutamic acid. This gas was also fixed as above, | 
Prior to precipitation of the dicarboxylic amino acids, the hydroly. — 


sates were treated with ninhydrin and the liberated CO, collected and 
determined. On some of the hydrolysates, a measured aliquot was 
burned in a combustion furnace packed with copper oxide and the CO, 
collected for the determination of the specific activity of the average 
amino acid carbons. 

All barium carbonate samples were centrifuged, washed, and trans. 
ferred to steel counting cups as described elsewhere (17). Duplicate 
samples of carbonate were prepared, transferred, and counted with about 
5 per cent accuracy. All radioactivity measurements were made on the 
solid, dried precipitate, with a thin window Geiger-Miiller counter. 
Counts were corrected for self-absorption and background. On samples 
of the inorganic carbon from the gas phase and on occasional samples 
yielding CO, in excess of the range of the Van Slyke manometer, the C0; 
was determined gravimetrically by weighing the BaCQs. 


Results 


All of the experiments to be reported subsequently were carried out in 
the presence of pyruvate and alanine, and before we were aware of their 


laek of effect on CO, incorporation. The reason for adding pyruvate | 


and alanine originally was to provide optimum conditions (as we thought) 
for the formation of oxalacetate by the carboxylation of pyruvate and the 
transamination of oxalacetate to aspartic acid by having an excess of 
alanine present. However, subsequent experiments in which CO, and 
acetate carboxyl carbon incorporation in the rabbit liver proteins were 


studied in the presence and absence of added pyruvate and alanine in- © 
dicated that the incorporation into the liver proteins in vitro was not 


measurably influenced by the presence of an excess of these substrates. 
Presumably, substrates were present in sufficient quantity in the liver 


of fasted animals to provide for the formation of an isotopic precursor | 


of the dicarboxylic amino acids. 
CO. and Acetate Carboxyl-Carbon Incorporation during Incubation— 


The incorporation of CO, and acetate carboxyl carbon into liver protem — 
in vitro was found to be considerable at the end of 1 hour of incubation — 


and increased for at least 4 hours. 


In Table I are presented data from experiments in which the incorpor- | 
tion of CO, and acetate carboxyl carbon radioactivity are compared. In 


Column 3 is given the total radioactivity added to each flask as Na:C"?, 
(experiments (a)) or carboxyl-labeled acetate (experiments (b)). Col 
umn 4 shows the specific activity of the CO, in the flasks at the end d 
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the incubation period. In the case of the “acetate” flasks, this radio- 
activity represents the CQO, resulting from oxidation of acetate and 
amounts to 9 to 19 per cent of the total added counts. The raw data in 
Columns 5 and 6 are the specific activities of the CO, obtained by treat- 
ing the hydrolysates and the dicarboxylic amino acid fractions, respec- 
tively, with ninhydrin. For comparison of the degrees of incorporation 
of CO. and acetate, the data in Column 6 have been corrected for those 


TaBLeE I 
In Vitro Incorporation of C'*O,; and CH;C'*OONa into Amino Acids of Rabbit Liver 
Stice Proteins 
Pyruvate, 40 mm per liter. The experiments marked (a) had C'* added as 
Na,C!O,; the experiments marked (b) had C'* added as CH;:C'*OONa. Specific 
activities expressed as counts per minute per mm of carbon. Each flask contained 
0.22 mm total 


Final Carboxy! specific activity 
Experi- | Incu- Ratio 
of | Glutamic} © nerived | Derived {Per 100,000 
ane) from from Counts per 
(1) (2) (3) (4) (S) (6) J) (8) (9) (10) 
hrs. 
la 2 | 71,500 | 325,000 1030 | 1440 
la 4 71,500 | 325,000) 915 2780 3.0 | 3890 
lb 4 21,800 | 18,700; 140 525 3.7 160 = 365 1670 
2a 2 | 57,000 | 258,000 560 | 980 
2a 4 57,000 | 257,000; 330 750 2.3 | 1310 
2b 2 | 40,000 | 24,800 85 240 2.8 54 s«d186 510 
2b 4 40,000 | 26,000; 120 500 4.2 75 | 425 1120 
3a | 4 | 36,000 | 165,000! 194 360 1.9 | 1000 
3b 4 19,000 8,400 St 18 | 66 350 
3b | 4 | 19,000) 10,600 83 | 3] © | 32 


* CO: liberated by ninhydrin; 7 minutes, 100°, pH 2.5. 


counts due to incorporation of CO, resulting from acetate combustion. 
In calculating this correction, two assumptions are made. First, the 
rate of CO, incorporation is assumed to be the same in the several vessels 
in each experiment. Second, it is assumed that the final specific activity 
of CO, in the acetate flasks was that present throughout the incubation. 
Since these flasks contain no radioactive CO, at the beginning of the ex- 
periments, the calculated corrections are somewhat high. The calculated 
incorporations of radioactivity derived from acetate into liver slice pro- 
teins, therefore, are conservative estimates and may be considerably 


greater than shown here. 
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The corrections in Column 8 were obtained by multiplying the specific 
activity of the carboxyl carbon dioxide of the dicarboxylic amino acids 
by the ratio of specific activities of the inorganic carbon dioxide in the 
corresponding “acetate” and ‘‘CO,” flasks incubated for the same period 
of time. In Column 9 this correction has been subtracted from the corre- 
sponding value in Column 6. For direct comparison, the incorporated 
radioactivity from CO, and acetate are expressed in Column 10 on the 
basis of 100,000 total counts per minute added to each vessel. 

The data in Column 10 indicate that there has been incorporation of 
acetate carboxyl carbon into the carboxy! group of glutamic and aspartic 
acids by a mechanism not involving CO, and that this occurs at a rate 
about one-half to one-third that of CO, incorporation. 

These data yield another fact of particular interest. In Column 7, 
the ratios of the specific activity of the dicarboxylic amino acid fraction 
to that of the total hydrolysate have been calculated and average 3.0. 
Block (18) has reported that the glutamic acid and aspartic acid contents 
of liver are 12.2 per cent and 6.9 per cent, respectively. If all the radio- 
activity found in the carbon dioxide liberated by ninhydrin oxidation of 
the total hydrolysate resided in the a-carboxyl group of glutamic acid and 
either or both of the carboxyl groups of aspartic acid, this ratio (Column 
7) should be 3.9 on the basis of the figures reported by Block. It ap- 
pears, therefore, that a large part of the incorporated radioactivity may 
be accounted for in the dicarboxylic amino acids, since the ratio in Column 
7 should be unity instead of 3.0 if all the amino acids were equally m- 
dioactive in their carboxyl positions. As will be shown below, the spe- 
cific activities of the a-carboxyl group of glutamic acid and of both of the 
carboxyl groups of aspartic acid taken together are approximately the 
same. 

Distribution of C™ between Glutamic and Aspartic Acids—A number 
of large scale experiments with Na,C“O,; were performed with rabbit liver 
slices in order to prepare sufficient hydrolysate for more detailed study 
of the dicarboxylic amino acid fraction. In these experiments, about 


2 to 3 gm. of slices were employed per vessel and the other components _ 


the system were increased proportionately. Barium fractions were 
prepared as described above. On these fractions were determined the 
total amino nitrogen (NH.-N) by the nitrous acid method of Van Slyke 
(19), the ninhydrin-liberated carbon dioxide (COOH-N), and the carbon 
dioxide liberated by squash glutamic acid decarboxylase (15). The 
aspartic acid content was calculated as one-half the difference between 
the decarboxylase and ninhydrin values. 

The analytical results are presented in Table Il. The total dicar 
boxylie amino acid NH:-N of the barium fraction, Column 5 (calculated 
from Columns 3 and 4), is in essential agreement with the values found by 


‘ 
{ 


a 


see 225 
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direct nitrous acid analysis, Column 6. From the agreement of these 
yalues, it is apparent that the barium fractions contained no significant 
amounts of a-NH.-N other than those of glutamic and aspartic acids. 
The absence of other amino acids in the fraction was further demon- 
strated by filter paper chromatography, as referred to above. 

The radioactivity data are also presented in Table II. These show 
that the specific activity of the glutamic acid a-carboxyl carbon and the 
average specific activity of the ninhydrin-liberated CO, are in fair agree- 
ment. From this, it may be inferred that the average specific activity 
of the two aspartic acid carboxyl carbons is approximately equal to that 


TaBLe Il 


Composition of Dicarborylic Amino Acid Fraction and Distribution of C'* between 
Glutamic and Aspartic Acids 


Rabbit liver slices incubated 4 hours in medium containing 40 mm of pyruvate 
per liter and 7.5 mm of alanine per liter. 


Analytical data® | Radioactivity data 
Experi pe arti id Calculated | | 
ment Glutamic COO | | | 
No. (2)—(3) | amino acid Found decarboxy- 
| COOH-N | ~ g | NHeN | NHeN | 


| ase 
(i) | (2) (3) (4) | 


(7) (8) 


counts por | counis per 


| | | min. permM min. per mM 
1 21.4 7.8 6.8 4.6 | 15.4 | 1140 | 940 
2 | 43.1 16.4 13.4 29.8 | 30.4 | 1000 | 810 
| 34.1 11.6 2170 


11.3 22.9 23.4 | 2 | 


* For direct comparison of the results of the three analytical procedures, the data 
are expressed as micromoles of nitrogen. All analyses were performed on aliquots 
of the same size. 


of the glutamic acid a-carboxyl carbon. No evidence is available on the 
radioactivity of the y-carboxyl carbon of glutamic acid. 

As was mentioned under “Methods,” aliquots from some of the hy- 
drolysates were combusted for the determination of the average specific 
activity of ail the carbon atoms in the hydrolysate. The results of these 
experiments are given in Table III. The average carbon chain length 
of the amino acids present is approximately 4.6 as calculated from the 
mM of carboxyl carbon (Column 3) and the mm of carbon dioxide derived 
by combustion (Column 4). When the specific activity of the carbon 
dioxide resulting from the combustion is multiplied by 4.6 (Column 8) to 
make the results comparable to the ninhydrin-liberated carbon dioxide 
values, the resulting specific activities are from 2 to 3 times those of the 
corresponding carboxy] carbon samples (compare Columns 8 and 6). 

It has been demonstrated (Table I) that a large part of the radioac- 
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tivity was incorporated into the carboxyl groups from carbon dioxide 
and acetate residues in the a-carboxyl group of glutamic acid and in one | 
or both of the carboxyl groups of aspartic acid. The results in Table 
III suggest that additional carbon atoms in the average protein molecule 
of the rabbit liver slices have been in equilibrium with environmenta] 
carbon dioxide or acetate, since the radioactivity calculated as the counts 
per minute per average carbon chain (Column 8) exceeds the specific 
activity of the carboxyl carbon dioxide (Column 6). 

It should be emphasized that the hydrolysate employed, although pre- 
pared from protein which has been thoroughly washed and defatted, 
may contain trace amounts of non-protein components containing radio- 
activity. Thus, for example, both CO, and acetate have been shown to 


Taste III 
Comparison of Specific Activities of CO, Samples Obtained by Ninhydrin Treatmen: 
and Combustion of 0.1 Ml. Aliquots of Hydrolysates from Rabbit Liver 
Slice Proteins 


Pyruvate, 40 mm per liter. The experiments marked (a) had C'* added as 
Na,eC'0;; the experiments marked (b) had C'* added as CH,;C'*OONa. 


la 4 0.25 | 920 360 1650 
Ib 4 0.050 0.2% | 4.8 140 100 460 
2a 4 0.059 0.2% | 4.1 330 175 810 
2b 2 0.072 0.3 =| 4.7 80 37 170 
2b 4 | 0.072 | 0.33 4.6 10 | 9 420 


be precursors of the purine ring structure (20), and radioactivity from 
these sources may possibly be present in the non-protein moiety of the 
nucleoproteins. In the case of ninhydrin-liberated carbon dioxide, this 
would not affect the results, since this reagent is highly specific for the 
amino acid molecule. However, it would apply to the combusted sam- 
ples and the interpretation of the results presented here must, therefore, 
await further study through the isolation of individual pure amino acids. 

In an attempt to localize at least a portion of this “extra” radioac- — 
tivity, the specific activity of the guanidine carbon of arginine has been — 
determined in experiments with added Na,C"O;. This carbon was re | 
leased by treatment of the hydrolysate with purified arginase (21) fol- 
lowed by release of the urea carbon with urease in the manometric Vat 
Slyke apparatus (22). The results reported in Table IV indicate that 
the guanidine carbon has almost twice the specific activity of the glv- 
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tamic and aspartic carboxyl carbons. This would account for a consider- 
able proportion of the radioactivity found in the protein hydrolysates 
not attributable to carboxyl carbons. 


TaBie IV 
Comparison of in Vitro Incorporation of Radioactive CO, in Guanidine Carbon of 
Arginine and Carboryl Groups of Glutamic and Aspartic Acids 


10 ml. of medium, 40 mm of pyruvate per liter. The radioactivity added as 
Na:C'*O;. Incubation time, 4 hours. 


i ivi Ni Guanidine C 
Experiment | | Guanidine C of | specific activity 
CO: acids Carboxyl C 
| | specific activity 
counts per min. | counts per min counts per min 
per mM per per mM 
l 294,000 2030 | 3700 1.8 
2 360 , 000 1220 2700 2.2 
350 ,000 970 | 1300 1.4 


—— 


* a-Carboxyl carbon of glutamic acid plus both carboxyl carbons of aspartic acid. 


TaBie V 
Effect of Anacrobiosis and Mincing on Incorporation of C'*O, in Rabbit Liver Protein 
Dicarborylic Amino Acids 
Incubated for 4 hours in medium containing 40 mm of pyruvate per liter and 7.5 
ma of alanine per liter. 


Specific activity of 
Experiment No. | Conditions of | 
| counts per min. per ma counts per min. per ma 
1 | 350 ,000 Control 1230 
| 5% CO2:-95% Ns 0 
| Mince 360 
2 450,000 Control 2780 
5% CO:-95% Ns 0 
3 340,000 Control 1310 
5% CO3-95% 0 
Mince | 750 


Effect of Anaerobiosis and Mincing—In Table V are presented data 
from experiments on the effect of anaerobiosis and of mincing the tissue 
slices on the incorporation of CO, in the carboxyl groups of the dicar- 
boxylic amino acids. The liver was minced at room temperature with 
the edge of a spatula on a porcelain plate until reduced to a semifluid 
sludge. An amount of liver corresponding to the number of slices used 


> 
| 
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Tasie VI 


Effect of Addition to Medium of Non-Isotopic Glutamic and Aspartic Acids and of 
Glutamine and Asparagine on Incorporation of C'!*O; in 

Rabbit Liver Protein Dicarborylic Amino Acids | 

Pyruvate, 40 mM per liter; alanine, 7.5 mm per liter. The specific activity of CQ, — 

in Experiment 1 is 402,000 counts per minute per mM; in Experiment 2, 325,000 


counts. 


Experi- 
ment 
No. 


Additions (as sodium salts), pH 7.4 


5 
10 


8 sé 


None (control) 


2 mg. each aspartic and glutamic acids 


None (control) 


8 mg. each glutamine and asparagine 


‘« glutamic and aspartic acids 


TaBLe VII 


Effect of Addition of Non-Isotopic Malate and Oxalacetate to Rabbit Liver Slice System 
Pyruvate, 40 mm per liter; alanine, 7.5 mm per liter. 


A. Malate; Specific Activity of CO; = 243,000 Counts per Minute per mu 


Specifi ivi 
Incubation time ninhydrin-liberated COs 
: of dicarboxylic amino acids 
hrs. ma per i. counts per min. oer mM 
2 None 1030 
4 17530 
4 5 1900 
4 12 1300 
4 | 25 | 2000 
B. Oralacetate; Incubated for 4 Hours 
Experiment No. (pH 7.4) Specific activity of COs fae — - rate ~' 
ae a ma per i. counts per min. per mm | counts per min. per mi 
1 None 165,000 370 
5 330 
25 210 
2 None 225 ,000 1250 
25 590 
3 None 140 ,000 1060 
25 420 
50 450 


1010 
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Specific 
activit of 
Incu- ninhydria- 
_ bation | liberated 
time COs of 
| dicarboxylic 
amino acids 
| | | counts 
| =. min. rod 
‘6 | 3560 
| | 
| 
1030 
2780 
2210 
| 
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in the control flask was then transferred to 3 ml. of medium. In the 
anaerobic vessels, flushed with 5 per cent CO,-95 per cent nitrogen, no 
radioactivity was found in the carboxyl CO, of the barium fraction. The 
over-all process, therefore, is dependent on the presence of oxygen con- 
firming the results of others (3, 5). Mincing the tissue caused a decrease 
in incorporation to about one-half to one-third that obtained in the con- 
trol vessels. 

Effect of Various Substrates—In an attempt to determine possible inter- 
mediates and precursors of the radioactive dicarboxylic amino acids 
found in the slices, we have added (in non-isotopic form) glutamic and 
aspartic acids, asparagine and glutamine, malate, and oxalacetate. 

As the data in Table VI show, the addition of as much as 10 mg. (about 
23 mm per liter) each of glutamic and aspartic acids and 8 mg. (about 
20 mm per liter) of glutamine and asparagine to the liver slice system 
caused no decrease in the specific activity of the dicarboxylic amino 
acid carboxy! carbons. 

The results of the experiments with added malate and oxalacetate are 
shown in Table VII. No effect on the specific activity of the dicarbox- 
ylic amino acid carboxyl carbons was observed with malate, but oxalace- 
tate alone of all the added substrates caused a decrease in specific 
activity. 


DISCUSSION 


Evans and Slotin (23) working with C™ showed that, when pigeon liver 
mince was incubated with radioactive CO, some of the radioactivity 
was found in the carboxyl groups of the free amino acids and was released 
by the action of ninhydrin or chloramine T. Although these experi- 
ments provided early evidence that the enzymatic incorporation of CO, 
into amino acids was possible in vitro, no examination of the protein was 
made at that time. 

Experiments in vivo by Delluva and Wilson (24) have demonstrated 
the rapid appearance of isotopic carbon atoms from administered CO, 
in the dicarboxylic amino acids of tissue proteins. Rittenberg and Bloch 
(25) have shown that, after feeding carboxyl-labeled acetic acid to rats, 
aspartic and glutamic acids isolated from the tissucs of the animals con- 
tained isotope in the carboxyl positions. The results presented above 
demonstrate the incorporation of isotopic CO, and acetate into liver 
proteins in vitro. They also show that, of the incorporated radioactivity 
found in the carboxyl groups of the liver protein amino acids, the bulk 
is localized in glutamic and aspartic acids in about equal amounts. 

The reaction through which the CO, molecules pass in reaching their 
final positions in the protein molecule are still obscure, due to the failure 
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of added pyruvate, alanine, glutamate, aspartate, glutamine, asparagine, 
or malate to affect the specific activity of the carboxyl carbons of the 
protein dicarboxylic amino acids. The lowered specific activity observed 
in the presence of oxalacetate may indicate an actual isotopic dilution 
effect on a product of the CO,-fixing reaction, or may simply indicate q — 
toxic effect of high concentration of this substance on the enzyme systems 
involved in the assimilation of CO, into liver proteins. Such an effect 
has been reported by Buchanan ef al. in studies on acetoacetate oxidation — 
(26). 


SUMMARY 


1. Incubation of rabbit liver slices with NaHCO, or CH;C“OONa 
results in the incorporation of radioactivity into the carboxyl groups of 
the protein amino acids. This incorporation continues progressively for 
at least 4 hours. 

2. A major part of this incorporated carbon is found in the dicarboxylic — 
amino acid fraction. The specific activity of the a-carboxyl group of | 
glutamic acid is approximately equal to the average specific activity of | 
the a- and 8-carboxy! groups of aspartic acid. | 

3. In the absence of oxygen, there is no incorporation of C™O,. The 
degree of incorporation is decreased markedly by mincing the tissue. 

4. The addition of the following non-isotopic substrates had no effect — 
on the degree of incorporation of C™“O,: glutamic acid, aspartic acid, 
glutamine, asparagine, malate, pyruvate, and alanine. Added oxalace — 
tate decreased the incorporation to approximately 50 per cent of the 
control values. | 

5. After incubation with both isotopic acetate and bicarbonate, pro 
tein hydrolysates contained radioactivity in excess of that accounted for 
by the dicarboxylic amino acid carboxy] carbon radioactivities. 

6. In experiments with NaHC"O,, evidence was obtained showing that 
the guanidine carbon of arginine has undergone exchange with radio 
active carbon. 
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THE FORMATION OF CITRATE BY EXTRACTS OF RABBIT 
KIDNEY CORTEX* 


By GEORGE KALNITSKY 


(From the Department of Biochemistry, State University of lowa, 
College of Medicine, lowa City) 


(Received for publication, February 21, 1949) 


The metabolic interrelationships of the tricarboxylic acid cycle have re- 
ceived wide-spread attention during the past few years. Curiously, one 
of the least understood steps in this series of reactions is the original con- 
densation reaction, the formation of citrate or of a related compound. 
Breusch (1-3) has described various tissue minces containing an enzyme 
citrogenase which catalyzes the formation of citrate from oxalacetate plus 
3-keto acids. This enzyme was extracted with 0.5 per cent NaHCO;, 
and was fairly stable. Wieland and Rosenthal (4) also demonstrated the 
formation of citrate from oxalacetate, acetoacetate, and Ba**, using a mash 


of rabbit kidney cortex. - Martius (5) described citrate formation from 
- oxalacetate and pyruvate by hog heart, rabbit kidney, or liver pulp. 


Hunter and Leloir (6), using a washed suspension of dog kidney cortex, 
demonstrated that a-ketoglutarate oxidation stimulates the conversion of 
oxalacetate and acetoacetate to citrate, but a-ketoglutarate oxidation was 
not necessary for the formation of citrate when oxalacetate was the only 
substrate. They also found that the enzyme was not truly extracted by 
NaHCO,, but was associated with particles which were sedimented by high 
speed centrifugation. Kalnitsky (7) obtained increased yields of citrate 
from oxalacetate in the presence of MgCl, or fluoroacetate, with rabbit 


_ kidney cortex homogenates. 


The present communication demonstrates that the enzymes necessary 
lor citrate formation from oxalacetate are present almost entirely in the 
mitochondria fraction of cortex cells of rabbit kidney. Various optimum 
conditions for citrate formation are described, including the necessity of 
inorganic phosphate and Mg++ or Mn++ for the reaction. 


Methods 
Tissue Preparation—Rabbits were stunned by a blow on the head and 


_ Were bled and the kidneys removed immediately. The kidney cortex was 


, Weighed and homogenized in 2 volumes of NaCl-KCl solution (2 parts of 


1.9 per cent NaCl plus 1 part of 1.15 per cent KCl) in a Potter-Elvehjem 


* This work was supported in part by grants from the Nutrition Foundation, Inc., 
sad from the Smith, Kline and French Laboratories. 
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glass homogenizer (8). The homogenate was then centrifuged at 150 
X gravity for 3 to 5 minutes. The packed precipitate was discarded and | 
the cloudy supernatant utilized as the enzyme suspension. 

For some experiments, the enzyme suspension was dialyzed in a cello. 
phane bag against distilled water at 0° for 15 or 20 minutes, as indicated, 
Washed preparations of the enzyme suspension were obtained by centrifug. 
ing at 19,000 to 20,000 X gravity for 5 to10 minutes. The resulting super. 
natant was discarded and the smooth, creamy precipitate was made up to 
two-thirds the volume of the original supernatant with NaCl-KC1 solution, 

The activity of all these enzyme preparations was determined by incubat- 
ing, in 50 ml. Erlenmeyer flasks. These were shaken at 120 3.5 cm. strokes 
per minute at approximately 30°. The time of each experiment was | 
hour, unless otherwise indicated. 

Fractionation of Cellular Components—The original homogenate of kidney 
cortex was fractionated essentially as described by Claude (9, 10), Hoge. 
boom ef al. (11), and Schneider (12). The procedure used in isolating the 
mitochondria and microsome fractions was as follows: The homogenate was 
centrifuged for 3 minutes at 1500 X gravity to sediment the nuclei, whok 
cells, and débris. This sedimented fraction was then washed three time 
with 15 ml. of alkaline water (12) and centrifuged 3 minutes at 1500 X 
gravity, the supernatant fluid being discarded. This washed sediment, 
plus 3 times its own volume of NaCl-KCI solution, was termed the residue. 
The original supernatant was centrifuged at 1500 X gravity for 3 minute. — 
This process was carried out three times, the sediment being discarded each 
time. The supernatant (containing mitochondria and microsomes) wa 
then centrifuged at 2400 X gravity for 15 to 20 minutes to sediment th 
mitochondria or large granules. The mitochondria precipitate was washe | 
with 15 ml. of NaCl-KClI solution and centrifuged as before. This pr — 
cipitate, plus 3 times its own volume of NaCl-KCl solution, was called th — 
mitochondria fraction. The supernatant from the mitochondria fractia — 
was then centrifuged at 19,000 to 20,000 X gravity for 5 minutes. Tk 
small precipitate (mitochondria) was discarded, and the supernatant wi 
centrifuged at 19,000 to 20,000 < gravity for 90 minutes. The jelly-lkt | 
precipitate obtained, made up with an approximately equal volume ¢ 
NaCl-KCl solution, was termed the microsome fraction. All centrifug 
tions were carried out in a cold room at 0°. | 

The mitochondria were examined under the microscope, with and with 
out stain. The Janus green stain for mitochondria (13) was positive, a 
there was practically no other material present. 

Chemical Methods—Citrate was determined as previously described (7) 
Oxalacetate was prepared according to the method described by Krampit 
and Werkman (14) and was dissolved and neutralized immediately befot 
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use. Acetoacetate was prepared according to Ljungren (15), and was also 
dissolved and neutralized before use. Lithium pyruvate was prepared 
according to Wendel (16). 

Results 


Effect of Various Substrates 


Various substrates have been employed in attempts to increase citrate 
formation from oxalacetate with animal tissues (1, 4-6). Pyruvate and 
acetoacetate increased citrate formation, but acetate did not. Under the 


TaBLe I 
Citrate Formation from Various Substrates 


| Citrate formed 
Experiment No, Oxalacetate Other substrates added 
fluoroacetate fluoroacetate 

peu | pe pM aM 

1 100 | 7.1 26.0 

100 Pyruvate | 100 14.1 28.4 

100 Acetoacetate 50 11.6 26.6 

2 100 12.5 30.6 
100 Acetate 100 17.5 

100 o 300 18.5 26.5 
100 | ” 500 18.0 
3 30 | 0.4 
Acetate 300 0.4 
| 30 “ 300 6.5 

| 4.3 22.4 
| 50 | Acetate 300 9.3 


Tissue suspension 2.0 ml. (Experiment 1), 1.5 ml. (Experiment 2), 2.0 ml. of washed 
suspension (Experiment 3); substrates in indicated amounts; fluoroacetate 100 
uu (0.02 m); phosphate buffer, pH 7.6, 0.03 mw; MgSO,, 0.006 m (Experiment 2), 0.01 
u (Experiment 3); total volume 5.0 ml.; atmosphere, air. 


conditions of our experiments, acetate, as well as pyruvate and acetoace- 
tate, increased citrate formation from oxalacetate (Table I). Somewhat 
similar increases with acetate have also been obtained by Lehninger,' using 
tat liver tissue. Caproate was slightly inhibitory, possibly due to its sur- 
face action. However, the largest yields of citrate from oxalacetate were 
obtained by the addition of fluoroacetate (Table I). 


Optimum Substrate and Enzyme Concentrations 


Despite the instability of oxalacetate the enzyme system is easily satu- 
rated, since the optimum concentration of oxalacetate was 0.02 to 0.025 m 


Lehninger, A., private communication. 
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(Fig. 1). The activity of the enzyme was proportional to the enzyme con- 
centration, up to 1.5 ml. of the enzyme preparation (Fig. 2). 


T T T 
a 
o 
ao} 606002) | 0.5 1.0 
uM. OXALACETATE m. ENZYME 
Fia. 1 Fia. 2 


Fic. 1. Effect of varying concentration of substrate on citrate formation. En. 
zyme preparation 1.6 ml., oxalacetate in indicated concentrations, fluoroacetate 0.0! 
mM, phosphate buffer 0.016 m, pH 7.50; total volume, 4.6 ml. 

Fig. 2. Effect of varying amounts of enzyme on citrate formation. Oxalacetate, 
0.02 m; same conditions as in Fig. 1. 
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pH 
Fic. 3. The effect of varying pH on citrate formation. Enzyme preparation 2! 
ml., oxalacetate 0.02 m, fluoroacetate 0.02 m, phosphate buffers 0.04 m, pH determined 


at the end of the experimental period, time 55 minutes; total volume, 5.0 ml.; atmo 
phere, air. 


Optimum pH for Citrate Formation from Oxalacetate 
The effects of varying pH on citrate formation from oxalacetate are pre 
sented in Fig. 3. The pH optimum is definitely in the alkaline range, be 
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tween pH 7.2 and 7.9, with the peak at pH 7.5 to7.6. The pH values were 
determined at the end of the experimental period. The results are 
in agreement with the optimum pH values obtained by Breusch and Keskin 
(3) for citrate formation from oxalacetate plus acetoacetate, by the enzyme 
citrogenase, in pigeon muscle mash. 


Influence of Oxygen 


The effect of various gaseous atmospheres on citrate formation are pre- 
sented in Table II. Various investigators (4, 17) have reported that 
oxygen was necessary for citrate formation from oxalacetate plus aceto- 
acetate, whereas others (3, 6) have shown that the same reaction can take 


Il 
Effect of Various Gaseous Atmospheres on Citrate Formation 
Gaseous atmosphere | Citrate formed 
Air | 18.5 
17.5 
| 8.4 


Tissue suspension 1.6 ml. per vessel; oxalacetate 0.02 m (100 um); fluoroacetate 
0.01 m, phosphate buffer, pH 7.50, 0.015 m; total volume 4.6 ml. 


place either aerobically or anaerobically. Hunter and Leloir (6) have in- 
dicated that, in the presence of excess oxalacetate (100 um) acting as an oxi- 
dant, citrate formation can also take place anaerobically. In our experi- 
ments, in the presence of 100 um of oxalacetate and with a less concentrated 
kidney cortex suspension than employed by Hunter and Leloir, 52 to 55 per 
cent less citrate was formed in an atmosphere of nitrogen than in oxygen 
or air (Table IT). 

The enzyme preparation is fairly stable, and retains all its activity after 


standing 1 hour at room temperature (approximately 28-30°) or 2 hours at 
0-2°. 


Effect of Inorganic Phosphate and Various Buffers on Citrate Formation 


In early experiments on the effects of various buffers on citrate formation, 
it was noted that phosphate buffer was most effective. With undialyzed ex- 
tracts, inorganic phosphate increased citrate formation somewhat (Table 
III). After dialysis of the extract for 15 or 20 minutes, citrate formation 
from oxalacetate was markedly increased on the addition of inorganic phos- 
phate. This effect of phosphate was not due to maintenance of the pH of 
the system, since the pH values determined at the end of the experimental 
period were not markedly different in the presence or absence of phosphate. 
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The pH in these experiments was maintained with bicarbonate-CO, buffer. 
Veronal and borate buffers, at 0.01 m concentrations (with inorganic phos- 
phate added), were somewhat inhibitory (Table III). At 0.04 m concentra. 
tions, these buffers were definitely inhibitory, the inhibitions obtained rang. 
ing from 40 to 65 per cent. Collidine buffer (2,4 ,6-trimethylpyridine) has 
been reported to be non-toxic for pyruvate oxidation by liver slices (18), 
The sample we used was toxic, 0.01 m concentration producing 60 per cent 
inhibition of citrate formation. 


Tasie III 
Effect of Inorganic Phosphate on Citrate Formation by Dialyzed Suspension of Rabbit 
Kidney Cortex 
No. total 
1 Undialyzed 7.84 | 10.5 
Phosphate 7.80 | 14.8 
Dialyzed, 15 min. 8.10 | 4.0 
Phosphate 7.95 | 12.6 
2 Dialyzed, 20 min. 7.28 | 5.7) 
Phosphate 7.21 | 16.8 | 10 
Veronal 7.25 
Borate 7.35 | 4.3) & 
Veronal + phosphate 7.25 | 12.5) 7 
(0.006 m) | 7.25) 6.1) 
Borate + = 7.21 | 9.1) & 


Each vessel contained 2 ml. of tissue suspension; oxalacetate and fluoroacetate 
0.02 u, bicarbonate-saline solution 1.5 ml. in Experiment 1, 1.0 ml. in Experiment 
2; all buffers, 0.01 mu, except as indicated; atmosphere, 5 per cent CO, in Os; total 
volume 5.0 ml.; pH determined after 55 minutes; CCl;-COOH then added and citrate 
determined. 


Necessity of Mg** or Mn** for Citrate Formation 


The effects of similar dialysis periods upon the activity of different prep- 
arations varied widely. This variation was probably due to the different 
degrees of subdivision of the particles in the tissue suspensions, as a result 
of the wearing down of the homogenizers used. Some preparations wet 
largely inactivated after dialysis for 25 minutes, whereas other preparation 
were only slightly inactivated after 35 minutes dialysis but were completely 
inactivated after dialysis for 55 to 60 minutes. More consistent result 
were obtained by washing the preparation, instead of dialyzing it. Wit 
washed preparations, the necessity of Mg++ or Mn++ for citrate formatia 
could readily be demonstrated (Table IV). 
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Optimum Concentrations of Mg**+, Mn**, and Inorganic Phosphate 


The effects of various concentrations of Mg** and Mn** on citrate forma- 
tion are presented in Table V. The effectiveness of Mg** and Mn** addi- 
tions showed an increase up to a concentration of 6 to8 K 107° mM, beyond’ 
which further additions had no influence. Potter et al. (19) found that 3.3 


Taste IV 
Effect of Mg** and Mn** on Citrate Formation 
SBE Conditions Citrate formed 
ue 


Washed tissue preparation 1.5 ml.; oxalacetate and fluoroacetate 0.02 m, phos- 
phate buffer, pH 7.6, 0.03 m; MnSO, or MgSQ,, 0.006 m; total volume 5 ml.; atmos- 
phere, air. 


TaBLe V 
Effect of Various Concentrations of Mn** and Mg** on Citrate Formation 
Citrate formed 
Concentration of Mg** or Mn** =| 
Plus Mn** Plus Mg** 
a ue 

1.5 4.8 
1}x"10-¢ 1.3 6.0 
5 xX 10~¢ 5.3 
1X 6.4 
3 X 6.8 12.8 
6 X 24.5 29.7 
8 x 10° 23.8 33.7 
1"x 1073 24.0 33.7 


Washed kidney suspension 1.5 ml.; fluoroacetate 0.02 m, phosphate buffer, pH 
7.6, 0.03 m; oxalacetate 0.02 m, Mg** or Mn** in indicated concentrations; total 
volume 5.0 ml.; temperature 32°; atmosphere, air. 


X 10-* m MgCl, was the optimum concentration for oxalacetate oxidation. 
Approximately this same concentration, 6 X 10-* m inorganic phosphate, 
was also optimum for citrate formation (Table VI). 


Formation of Citrate by Various Fractions of Rabbit Kidney Cortex Cell 


The enzyme suspensions employed in this paper roughly resembled the 
mitochondria and microsome fractions described by Claude (9, 10), Hoge- 
boom et al. (11), and Schneider (12), while the washed tissue suspension 
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corresponded with the mitochondria fraction described by these authors. 
Accordingly, purified preparations of a residual fraction (containing nuclei, 
whole cells, and débris), a mitochondrial fraction, and a microsome frac. 
tion were obtained by fractionating homogenates essentially as described 
by these workers (see ‘‘Methods’’). Each fraction was then tested for 


TaBLe VI 
Effect of Various Concentrations of Phosphate on Citrate Formation 
Phosphate Citrate formed 
5 X 2.6 
1 xX 10°! 1.8 
3 X 10-3 5.1 
6 X 23.7 
8 X 10-* 23.6 
1 X 10°? 23.9 
1.5 X 10°? 26.9 


Washed kidney suspension 1.5 ml., fluoroacetate 0.02 m, phosphate in indicated | 
concentrations, Mn** 0.006 m; NaHCO; 0.018 m, oxalacetate 0.02 m, total volume | 
5.0 ml.; temperature 32°; atmosphere 95 per cent O:, 5 per cent CO,. | 


VII | 

Citrate Formation by Various Fractions of Homogenates of Rabbit Kidney Corte | 

| Ci | 
Tissue fraction | Suspension eee 

Residue (nuclei, débris, unbroken cells)..................... a 2.0 | 


Tissue suspensions of the various fractions in indicated amounts; oxalacetate 
0.02 m, fluoroacetate 0.02 m, phosphate buffer, pH 7.2, 0.03 m; MgCl, 0.01 m; total 
volume 5.0 ml.; temperature 30.1°; atmosphere, air. 


citrate formation. The results are presented in Table VII. Smal 
amounts of citrate were formed by the residue fraction, very large amounts 
of citrate by the mitochondria fraction, and little or no citrate was forme | 
by the microsome fraction. It is evident from these data that the enzymes 
responsible for citrate formation from oxalacetate are almost entirely 
jocated in the mitochondria fraction of the cells of rabbit kidney corte. 
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The yield of 45 um of citrate from 100 um of oxalacetate by the mitochon- 
dria preparation represents a 90 per cent conversion of oxalacetate to cit- 
rate. 


DISCUSSION 


Citrate formation from oxalacetate is commonly accepted to occur via 
a combination of reactions (1) and (2) or reactions (1), (3), and (4): 


(1) Oxalacetate — pyruvate + CO; 

(2) Pyruvate + oxalacetate — procitrate — citrate + CO; 
(3) Pyruvate a-carbon compound + CO; 

(4) 2-Carbon compound + oxalacetate — procitrate — citrate 


Actually, there is no evidence for the occurrence of a 7-carbon precursor 
of citrate (reaction (2)). One possible 7-carbon intermediate, a-keto,4- 
hydroxy ,4-carboxyadipic acid, has been ruled out by Martius (5). On 
the other hand, there is evidence for the formation of a 2-carbon unit 
during the oxidation of pyruvate and of fatty acids, and of the participa- 
tion of this 2-carbon compound in the formation of citrate (26-23). 

If citrate were formed from oxalacetate by a union of oxalacetate with a 
2-carbon residue (reaction (4)), then the function of oxygen in citrate 
formation would be clearer. Oxygen would then be needed for the oxida- 
tive decarboxylation of pyruvate (reaction (3)). 

The question remains, however, as to the function of inorganic phos- 
phate in the formation of citrate. Inorganic phosphate is not necessary 
for the decarboxylation of oxalacetate to pyruvate (reaction (1)) (14, 
24-26). Several investigators (27-31) have demonstrated that inorganic 
phosphate is necessary for pyruvate oxidation. However, it has not been 
determined whether the inorganic phosphate is necessary in the oxidative 
conversion of pyruvate to the hypothetical 2-carbon intermediate, in the 
actual condensation reaction, or in a reaction further on down the reac- 
tion chain, for example, the oxidation of a-ketoglutarate to succinate 
(32). Stumpf et al. (33, 34) have described preparations obtained from 
pigeon breast muscle and bacteria which oxidize pyruvate to acetate. 
No inorganic phosphate is needed for that reaction. This enzyme sys- 
tem is apparently not present in preparations of rabbit kidney cortex 
which oxidize pyruvate by way of the citric acid cycle (35).2_ However, 
inorganic phosphate is necessary for acetate oxidation by a similar prep- 
aration of rabbit kidney cortex.? It will be difficult to determine whether 
inorganic phosphate is necessary for the oxidative conversion of pyruvate 
to an intermediate 2-carbon compound, or for the condensation reaction, 


* Kalnitsky, G., unpublished results. 
* Kalnitsky, G., and Elliott, W. B., to be published. 
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until the actual intermediate is isolated and the substrates for the cop. 
densation reaction determined. In any case, the necessity of inorganic 
phosphate for citrate formation implies a phosphorylated precursor of | 
citrate. This would probably be an unsymmetrical compound. Other | 
investigators (36, 37) have previously suggested the occurrence of unsym. — 
metrical precursors of citrate to account for the distribution of isotopes — 
in the component members of the citric acid cycle during the oxidation | 
of CD,;-COOH by yeast (38), and of pyruvate + CO, by pigeon liver | 
(36, 37). 


SUMMARY 


1. Pyruvate, acetoacetate, and acetate increased citrate formation 
from oxalacetate by extracts of homogenates of rabbit kidney corter, 
but the largest yields of citrate were obtained in the presence of oxalace 
tate plus fluoroacetate. 

2. Optimum concentrations of substrate and tissue were determined — 
The pH optimum is at 7.5 to7.7. Air or oxygen is necessary for optimum — 
formation of citrate from oxalacetate. | 

3. Inorganic phosphate and Mg** or Mn** are necessary for citrate 
formation from oxalacetate. The optimum concentrations of all these 
ions were 6 X 

4. Homogenates of rabbit kidney cortex were separated by centrifu-— 
gation into a residual fraction (containing nuclei, débris, plus unbroken — 
cells), a mitochondria fraction, and a microsome fraction. 

5. The enzyme system for the formation of citrate from oxalacetate 
is found almost entirely in the mitochondria fraction of the kidney tissue. | 
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DEGRADATION PRODUCTS OF STREPTAMINE: a,y-DIAMINO- 
8-HYDROXYGLUTARIC ACID* 


By HERBERT E. CARTER, Y. H. LOO,t ann JOHN W. ROTHROCK} 
(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 
(Received for publication, February 28, 1949) 


Streptamine, « degradation product of streptomycin, has been charac- 
terized as a meso-1 ,3-diamino-2 4,5 ,6-tetrahydroxycyclohexane (1-4), and 
this structure has been confirmed by synthesis (5). In a preliminary note 


(2) we reported the oxidation of N,N’-dibenzoylstreptamine to a,y- 


diamino-8-hydroxyglutaric acid. In this paper are reported the details 
of these experiments together with additional studies of the structure of the 


glutaric acid derivative. 


N ,N’'-Dibenzoylstreptamine (1) consumed 2 moles of periodate, yielding 


a crystalline oxidation product which gave a bis-2,4-dinitrophenylhy- 


drazone. In several runs the oxidation product melted at 130—-131°. 
However, occasional samples melted at 143-145° or 163-165°. Each of 
these materials gave the same hydrazone. The analytical data on the 
oxidation product indicated a dibenzamidohydroxyglutaraldehyde plus 1 
molecule of water. On acetylation a triacetyl rather than a monoacetyl 


derivative was obtained. These data are best explained by assigning a 


_ hydrated cyclic structure to the oxidation product, which then becomes a 
_ 2,4,6-trihydroxy-3 ,5-dibenzamidotetrahydropyran (II). The cyclic struc- 


ture is also supported by the fact that II is relatively resistant to catalytic 
reduction. The only homogeneous product isolated from the reaction 
mixture appeared to be a dibenzamidopentose (IV), which would be formed 
by reduction of one of the aldehyde groups. The dialdehyde (II) was 


_ further characterized by oxidation with bromine water to an a ,-dibenz- 


_ amido-8-hydroxyglutaric acid (III). This acid was obtained in good 


— 


vield. It melted sharply at 199-200° and gave a methyl ester melting at 


_ 196-198°. No evidence was obtained for the presence of an isomeric 
acid. 


| 


Since the glutaric acid (III) was a key compound in allocating the posi- 


tion of the amino groups in streptamine, several attempts were made to 


* The authors wish to express their appreciation to the Abbott Laboratories, Eli 
Lilly and Company, Parke, Davis and Company, and The Upjohn Company for 
generous grants in support of this work. 

t Postdoctorate Research Assistant in Chemistry. 

}Du Pont Fellow in Chemistry, 1948-49. 
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synthesize it. The single stereoisomer which was obtained (6) differed 
in properties from the degradation product. In view of the fact that 
a ,y-diamino-8-hydroxyglutaric acid can exist in one racemic and two 
meso forms, further synthetic efforts were postponed. Instead a study was 
made of the possible conversion of a,y-dibenzamido-8-hydroxyglutaric 
acid to a,y-dibenzamidoglutaric acid (V). 

CH CH 


C.H,CONH—CH CH—NHCOC.H, GHsCONH—CH CH—NHCOGA, 


HO—CH CH—OH 10.- HO—CH CH—OH 
CH 
| (ID) 
OH 
(D 
Br, 
H;, (Pt) H,O 
| 
HO—CH—— CO,H 
CH—OH 
C.H,CONH—CH 
CH,O— CO.H 
(IV) (111) 


Attempts to dehydrate the dibenzamidohydroxyglutaric acid directly 
gave unsatisfactory results. However, pyrolysis of dimethyl a, y-dibenr 
amido-8-acetoxyglutarate proceeded smoothly with the evolution of acetic 
acid. The crude, glassy product! was reduced catalytically with platinum. 
The reduced material was not homogeneous, melting over a wide range. 


1 It seemed possible that elimination of acetic acid might yield either an a,8-w- 
saturated ester or an oxazoline. However, an authentic sample of the oxazoline 
(m.p. 160-161°) prepared in connection with other work did not undergo reductio 
with platinum. Furthermore, the infra-red absorption spectrum of the crude pyrd- 
ysis product was consistent with the presence of an a,8-unsaturated ester. 


| 
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By recrystallization from acetone-hexane a fraction was obtained which 
melted sharply at 178-179°. The mother liquors yielded a mixture melting 
at 133-155°. From this material individual rosettes could be removed with 
a spatula. These melted sharply at 150-151°. Both the rosettes and the 
mixture gave correct analytical data for dimethyl dibenzamidoglutarate. 
The behavior and properties of the two esters and of the mixture are identi- 
cal with those of the corresponding synthetic products described recently 
by Carter, Van Abeele, and Rothrock (7). Thus, the structure of the 
dibenzamidohydroxyglutaric acid obtained from streptamine has been 
established by conversion to a known synthetic substance. 


CO.H CO.,H 
CH—NHCOC,Hs CH—NHCOC.Hs 
CH—OH — CH — CH; 


| | 
CH—NHCOC.Hs CH—NHCOC.Hs 


CO,H CO,H CO,;H 
(III) (V) 


Since the degradation of N ,N’-dibenzoylstreptamine involved mild con- 
ditions and the a,y-diamino-8-hydroxyglutaric acid obtained appeared to 
be homogeneous, it seems unlikely that alteration in stereochemical con- 
figuration occurred in the degradation procedure. Therefore, determina- 
tion of the relationship of the hydroxyl and amino groups in the acid (III) 
should shed some light on the stereochemistry of the corresponding groups 
in the streptamine molecule. Asa method of attacking this problem, con- 
version to the corresponding trihydroxyglutaric acid with nitrous acid 
seemed promising, since several isomers of the latter substance were known 
as products of the oxidation of pentoses with nitric acid. In preliminary 
studies a,y-diamino-8-hydroxyglutaric acid gave theoretical nitrogen 
values in the Van Slyke amino nitrogen procedure. However, the deami- 
nation of a,y-diamino-8-hydroxyglutaric acid with nitrous acid must have 
involved further reaction, since no trihydroxyglutaric acid derivative could 
be obtained from the final product. A study was also made of the deamina- 
tion of the two a,y-diaminoglutaric acids. The products were converted 
to the known dianilides and di-p-toluidides of the a,y-dihydroxyglutaric 
acids (8). The amino acid obtained from the lower melting dibenzamido- 
glutaric acid yielded largely meso-dihydroxyglutaric acid; that from the 
higher melting isomer yielded mainly racemic dihydroxyglutaric acid. 
However, in each case a small amount of the second isomer was produced. 
Evidently epimerization occurs in the nitrous acid reaction. Since the 
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extent cannot be estimated, this reaction is of little or no value in establish- 
ing the configuration of the a,y-diaminoglutaric acids. 


EXPERIMENTAL 


Preparation of N ,N'-Dibenzoylstreptamine—A solution of 1.7 kilos of 
low potency streptomycin residues (213 units per mg.) in 4 liters of 10 per 
cent sulfuric acid was refluxed with mechanical stirring for 3 hours. The 
black hydrolysate was diluted with 1 volume of acetone and placed in the 
refrigerator overnight. The brown precipitate which formed was filtered 
and washed thoroughly with small portions of cold water and 50 per cent 
methanol. The residue was dissolved in 5 liters of boiling 10 per cent 
sulfuric acid. The hot solution was decolorized with norit and filtered. 
The filtrate, neutralized with ammonium hydroxide, was diluted with 1 
volume of acetone and placed in the refrigerator overnight. The crystal- 
line product which separated was filtered and washed several times with 
small portions of cold water and acetone, giving 465 gm. of streptidine 
sulfate as fine white crystals. 

A solution of 400 gm. of streptidine sulfate in 2400 ml. of 6 N lithium 
hydroxide was refluxed until no more ammonia was evolved (40 hours). 
Bumping was prevented by mechanical stirring. The hot solution was 
filtered and the residue (mainly lithium carbonate) was washed thoroughly 
with hot water. The filtrate was concentrated to 1000 ml. in vacuo and 
adjusted to pH 3.4 with concentrated sulfuric acid. 4 volumes of methanol 
were added and the solution was stored in the refrigerator for 24 hours. 
The precipitate which formed was filtered and washed several times with 80 
per cent and 100 per cent methanol. Streptamine sulfate was obtained as 
fine white crystals. 

This crude material was converted to polybenzoylstreptamine by the 
Schotten-Baumann method. For this reaction the crude streptamine sul- 
fate was dissolved in 3 liters of 1 N sodium hydroxide and the solution 
was treated with 1200 ml. of benzoyl chloride and 4800 ml. of 5 N sodium 
hydroxide in about 30 equal portions at 5 to 8 minute intervals. The 
flask was thoroughly shaken and cooled in an ice bath. Ethy] ether was 
added during the reaction to prevent lump formation by maintaining 4 
thick emulsion of the ingredients. The waxy solid produced was washed 
repeatedly with water and ether. 760 gm. of amorphous, white poly- 
benzoylstreptamine were recovered. 

A solution of this crude product in 10 liters of 0.5 N methanolic sodium 
hydroxide was refluxed for 4 hours. Insoluble salts were filtered from the 
hydrolysate, and the filtrate neutralized with concentrated hydrochloric 
acid to pH 6.9. Salts were again filtered off. The waxy solid obtained by 
concentrating the filtrate to dryness in vacuo was thoroughly triturated 
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with ether and water. The solution of this crude product in 600 ml. of 
boiling methanol was diluted with 5 volumes of hot water. N,N’-Di- 
benzoylstreptamine slowly separated as fine white rods. The yield was 
226 gm. ‘This compound loses its crystalline form at 288-290° and melts 
with decomposition at 293-295°. The analytical sample was recrystallized 
from hot water and dried tn vacuo at 100° for 2 hours. 


CooH2OsN2. Calculated. C 62.17, H 5.74, N 7.25 
386.40 Found. ** 62.21, 5.49, ‘* 7.31 (micro-Dumas) 
“* 0.00 (Van Slyke amino N) 


Periodate Oxidation of N ,N'-Dibenzoylstreptamine—38.6 gm. (0.1 mole) 
of N,N’-dibenzoylstreptamine were dissolved by mechanical stirring in 
5000 ml. of 50 per cent methanol solution containing 64.2 gm. (0.3 mole) 
of sodium metaperiodate. The mixture was allowed to stand at room 
temperature until 2.0 + 0.1 moles of periodate per mole of sample had 
been consumed (12 to 15 hours). The excess periodate and iodate formed 
in the reaction were removed by precipitation with lead nitrate. The 
solution was concentrated to 2500 ml. and upon standing overnight at 
room temperature 31.0 gm. of 2,4,6-trihydroxy-3 ,5-dibenzamidotetrahy- 
dropyran (II) (83.5 per cent yield) separated as fine white needles. A 
second crop of 3.5 gm. (9.4 per cent) was obtained by further concentration. 
The dialdehyde after recrystallization from dry acetone melted at 130-131°. 
The analytical sample was dried tn vacuo over phosphorus pentoxide. 


Cy sHeOgNo. Calculated. C 61 .29, H 5.38, N 7.53 
372.37 Found. 61.36, 5.33, 7.43 


A mixture of 13 mg. of the dialdehyde II and 40 mg. of 2,4-dinitro- 
phenylhydrazine in 10 ml. of absolute ethanol was heated to the boiling 
point. Concentrated hydrochloric acid (0.2 ml.) was added, and the mix- 
ture was warmed in a hot water bath for a few minutes. On cooling, 
orange needles crystallized from the solution. The crystals were washed 
free of acid and of the reagent with absolute ethanol. A yield of 20 mg. 


of the bis-2,4-dinitrophenylhydrazone of II melting at 231-232° was 
obtained. 


Ca On. Calculated. C 52.10, H 3.64, N 19.60 
714.60 Found. ** §2.16, ‘** 3.96, ** 19.79 


A mixture of 116 mg. of the dialdehyde II, 2 ml. of pyridine, and 2 ml. of 
acetic anhydride was allowed to stand at room temperature overnight. 
The solution was chilled and diluted with water; the resulting yellow 
precipitate was dissolved in acetone and the solution was decolorized with 
norit A. The colorless solution was concentrated and water was added to 
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precipitate a white solid. Repeated recrystallization of this material from 
acetone-water gave needles, melting at 217°. 


CosHoeN:Os. Calculated. C 60.24, H 5.26, N 5.62 
498.48 Found. ** 60.69, ** 5.35, ** 5.75 


Hydrogenation of the dialdehyde II in methanol with Raney’s nickel 
catalyst at room temperature and 30 to 35 pounds pressure for 18 hours 
reduced only one of the carbonyl groups. The catalyst was filtered off and 
the alcohol solution was concentrated, giving a crystalline solid. Dilution 
of the mother liquor with water produced a mixture of products. Repeated 
recrystallization from hot methanol gave a 20 per cent yield of homogeneous 
crystalline solid, consisting of shiny plates which melted at 230-231°. 
This material gave the correct analytical data for 2,4-dihydroxy-3,65- 
dibenzamidotetrahydropyran. 


CisH2oN20s. Calculated. C 64.04, H 5.62, N 7.86 
356.37 Found. 


Preparation of a,y-Dibenzamido-8-hydroxyglutaric Acid (III)—A sus- 
pension of 16.0 gm. of the dialdehyde II and 30 ml. of bromine in 8000 ml. 
of water was stirred mechanically until a clear red solution resulted (15 to 20 
minutes). Oxidation was allowed to continue at room temperature for 80 
hours. Excess bromine was removed by aeration. An excess of calcium 
carbonate was added and the solution was heated to boiling and filtered. 
The filtrate was concentrated to about 100 ml. and 9 volumes of ethanol 
were added, precipitating 17 gm. of the calcium salt of a,y-dibenzamido-$- 
hydroxyglutaric acid. This material was suspended in 2 liters of boiling 
water and 11.5 gm. of oxalic acid dihydrate (100 per cent excess) were added. 
The precipitated calcium oxalate was removed by filtration, and the filtrate 
was concentrated to 900 ml. and 2 ml. of concentrated hydrochloric acid 
were added. The mixture was chilled overnight in the refrigerator, giving 
6.0 gm. (36 per cent yield) of a,y-dibenzamido-8-hydroxyglutaric acid as 
small, silky white needles melting at 199-200° (micro block). The filtrate 
was concentrated and cooled in the refrigerator overnight, giving a second 
crop of 4.4 gm. (26 per cent). The acid was recrystallized twice from hot 
water. The analytical sample was dried over phosphorus pentoxide in 
vacuo at room temperature for 24 hours and at 78° for 2 hours. 


CisHi1s0;Nz. Calculated. C 59.07, H 4.70, N 7.25, neutral equivalent 193 


Preparation of Dimethyl a ,y-Dibenzamido-B-acetoryglutarate—5.0 gm. of 
a ,y-dibenzamido-8-hydroxyglutaric acid were converted to the dimethyl 
ester in the usual manner with use of an ethereal solution of diazomethane. 
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The white solid obtained after removal of the ether was dissolved in 250 
ml. of boiling acetone. The solution was filtered and hot heptane (b.p. 
98-110°) was added until the solution was slightly turbid (75 to 100 ml.). 
After standing at room temperature for several hours a solid mass of white 
rods crystallized. ‘The first crop weighed 4.6 gm. (86 per cent yield) and 
melted at 194-196°. A second crop of 0.4 gm. (7 per cent) was obtained 
by reworking the mother liquor. By recrystallization the melting point 
of the material was raised to 196-198° (micro block). A mixed melting 
point (1:1) with starting material was 178-180° (micro block). 

2.0 gm. (4.83 mm) of the dimethyl ester were dissolved in 15 ml. of dry 
pyridine and 1.4 ml. (14.8 mm) of acetic anhydride were added. The 
solution, which became reddish brown within a few minutes, was allowed 
to stand at room temperature overnight. It was concentrated to dryness 
and traces of the solvents removed by evacuating several hours in a desic- 
eator. The brown crystalline solid was dissolved in 40 ml. of hot benzene, 
the solution was filtered through a pad of Darco G-60, and 30 ml. of hot 
hexane (b.p. 60-68°) were added. After standing at room temperature 
for a few hours and in the refrigerator overnight, the solution deposited a 
solid mass of light tan rods, melting at 160-161°. A second recrystalliza- 
tion was carried out in exactly the same manner, giving 2.11 gm. (96 per 
cent yield) of rosettes of white rods (m.p. 162-—162.5°, micro block). The 
analytical sample was dried for 4 hours at 78° over phosphorus pentoxide 
in vacuo. 

CuaHaOsN2. Calculated. C 60.52, H 5.30, N 6.14 
456.14 Found. 60.71, 5.15, 6.34 


Conversion of Dimethyl a,y-Dibenzamido-8-acetoxryglutarate to Dimethyl 
a,y-Dibenzamidoglutarate. Preparation A—2.0 gm. of the 8-acetoxy ester 
were heated in a round bottom flask at 170—-190° until the evolution of 
acetic acid ceased (about 15 minutes). The brown-yellow glass obtained 
was taken up in 50 ml. of ethanol and reduced in the presence of platinum 
oxide catalyst at room temperature for 3 hours at 45 pounds of hydrogen 
pressure. The pale yellow syrup obtained after removal of the platinum 
by filtration and the ethanol by concentration was hydrolyzed under 
reflux with 100 ml. of 6 N hydrochloric acid for 5.5 hours. The red-brown 
solution was taken to dryness and traces of hydrochloric acid removed in a 
vacuum desiccator by means of potassium hydroxide pellets. To the 
chocolate-brown salt were added 6 ml. of 2 N sodium hydroxide and 10 ml. 
of water. After filtration through a pad of Darco G-60, the solution, which 
was a pale orange-yellow color, was benzoylated by the Schotten-Baumann 
method with 2 ml. of benzoyl chloride and 20 ml. of 2 N sodium hydroxide 
in eight equal portions at 2 minute intervals. Upon the addition of con- 
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centrated hydrochloric acid, with cooling, to a pH of 2.0, only benzoic acid 
precipitated. It was removed by filtration. The filtrate was acidified 
further, concentrated, and allowed to stand overnight in the refrigerator, 
when a light brown solid separated. Benzoic acid was removed by repeated 
extractions with hot hexane, leaving 640 mg. of a tan solid. ‘Treatment 


with Darco G-60 and recrystallization from hot water yielded 300 mg. (19 | 


per cent) of a,y-dibenzamidoglutaric acid melting at 202-205° (micro 
block). A second crop of 110 mg. (7 per cent) was obtained from the 
mother liquors. An analytical sample of this material was prepared by 
recrystallization from hot water. It was dried at 78° for 6 hours in vacuo 
over phosphorus pentoxide. 


CisHisO.N:. Calculated. C 61.61, H 4.90, N 7.57 
370.35 Found. 61.81, 4.96, 7.62 


| 


300 mg. of the acid were converted to the dimethyl ester by treatment in — 


the usual manner with an ethereal solution of diazomethane. The white | 
crystalline product obtained melted at 130-165° (micro block), but re 


peated recrystallizations succeeded in removing the low melting ester. 
210 mg. (12 per cent yield) of fine, silky white rods were obtained which 
melted at 178-179° (micro block) and gave no depression when mixed witha 
synthetic sample of the high melting dimethy] a,y-dibenzamidoglutarate 
(7). An analytical sample was prepared and dried in vacuo over phos- 
phorus pentoxide for 5 hours at 78°. 


CxuH2nO.N:. Calculated. C 63.30, H 5.57, N 7.03 
398.41 Found. ** 63.37, ** 5.63, ** 7.26 


Preparation B—500 mg. of 8-acetoxy ester were heated in a round bottom 
flask at 170-190° for 30 minutes. The orange-brown glass was reduced in 
the presence of platinum oxide catalyst at 45 pounds of hydrogen pressure 


at room temperature for 3 hours. Platinum was removed by filtration — 


and the ethanol by concentration. The glass obtained was crystallized 
from 10 ml. of hot acetone by adding 40 ml. of hot hexane (b.p. 60-68"). 
100 mg. of white silky rods, melting at 155-173° (micro block), were ob- 
tained, which after several recrystallizations melted at 178-179° (micro 
block). This product was identical in every way with the synthetic ester 

The filtrate was reworked with use of a combination of hot acetone an¢ 


hot hexane as solvents. 50 mg. of starting material were obtained as wel — 
as 150 mg. of a mixture of the high and low melting esters which melted # 


130-155° (micro block). The mixture was fractionally crystallized, but the 
low melting ester was not obtained pure. However, individual rosettes 


of this ester melting at 150.5-152° (micro block) were separated mechati- | 
cally. When mixed with a synthetic sample of low melting dimethy 
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a,y-dibenzamidoglutarate, these crystals gave no depression of the melting 
point. A sample of the mixture melting at 133-155° gave correct analytical 
data for dimethy] a, y-dibenzamidoglutarate. 


Calculated. C 63.30, H 5.57, N 7.03 
398.41 Found. 63.30, 5.68, 7.10 


SUMMARY 


N ,N’-Dibenzoylstreptamine is oxidized by periodate to 2,4,6-trihy- 
droxy-3 ,5-dibenzamidotetrahydropyran and the latter is oxidized to a,7- 
dibenzamido-8-hydroxyglutaric acid by bromine water. The structure of 
the dibenzamidohydroxyglutaric acid has been confirmed by conversion to 
the known a,y-dibenzamidoglutaric acid. 
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THE METABOLISM OF DIHYDROXYPHENYLALANINE 
BY GUINEA PIG KIDNEY EXTRACTS 


By ROBERT E. CLEGG* ann ROBERT RIDGELY SEALOCK 
(From the Department of Chemistry, lowa State College, Ames) 


(Received for publication, February 28, 1949) 


Ascorbic acid has been shown to be necessary not only for the metabo- 
lism of phenylalanine and tyrosine but also of 3 ,4-dihydroxyphenylalanine. 
In the latter connection it has been found that normal guinea pig kidney 
slices readily oxidize dihydroxyphenylalanine (1), whereas kidney slices 
from scorbutic animals are almost completely unable to metabolize this 
amino acid. With the addition of the crystalline vitamin to the deficient 
slices, dihydroxyphenylalanine oxidation proceeds normally as shown by 
oxygen consumption and carbon dioxide production. 

The difficulty of determining with intact tissue slices the mechanism 
whereby ascorbic acid produces its effect is obvious. The problem, how- 
ever, should prove somewhat simpler with cell-free extracts of kidney which 
would permit fractionation or other manipulations common to enzyme 
characterization. In this characterization, one may rely upon measure- 
ment of gaseous exchange only, as was done previously with kidney slices, 
but with the possibility that the metabolic reactions produced by kidney 
enzymes may be more complex, a more complete analysis should afford 
additional information relative to the entire system. With this possi- 
bility in mind, dihydroxyphenylalanine has been incubated with cell-free 
extracts of guinea pig kidney and the reaction followed by manometric 
measurements and colorimetric analysis, the latter by the very excellent 
Amow method (2). Use of this nitrous acid-molybdate reagent, which 
measures the catechol value, has led to the finding that the o-dihydroxy- 
phenyl portion of the amino acid is involved in the reactions catalyzed by 
kidney extracts. With these methods a comparison of normal and vita- 
min C-deficient extracts, an analysis of the over-all reaction, and a char- 
acterization of the enzymes involved have been made as described in this 
communication. 


EXPERIMENTAL 


Guinea pigs of 300 to 500 gm. were maintained on Purina rabbit chow 
checkers (complete ration) plus an adequate supply of mixed green food. 
Those animals used in the investigation of the effect of vitamin C deple- 
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tion were fed a basal diet of ground and aerated Purina rabbit chow, and 
half of them received in addition 20 mg. of crystalline ascorbic acid daily. 
These animals also received 0.9 gm. of Squibb’s brewers’ yeast every thin © 
day and 1 ml. of cod liver oil weekly. | 

The enzyme extracts were prepared as follows. The non-fasted animals 
were stunned by a blow on the occiput and bled by severing the jugular 
veins. The kidneys were then removed, cleaned, weighed, and placed jp 
an ice-cooled, micro Waring blendor jar with enough cold 0.1 M phosphate 
(sodium and potassium) buffer to cover the blendor knives and thus pre. 
vent excessive splashing. Homogenization was continued, with occasional 
cooling in the ice bath, until the preparation was essentially homogeneous, 
and cell-free. The mixture was then centrifuged at 2500 rR.p.m. for 5 
minutes. The supernatant was removed and the residue reextracted one — 
to three times with the buffer. The combined supernatants were then 
diluted so that aliquots represented definite quantities of original kidney 
as indicated subsequently. Just prior to use, the pH was adjusted to the — 
desired value. 

The ability of the extracts to metabolize dihydroxyphenylalanine was 
followed by means of the usual manometric procedure. 1 ml. of the ex. 
tract and 1 mg. of substrate in a final volume of 2 ml. were employed. After 
an incubation period of 3 hours, the contents of each vessel were quanti- 
tatively transferred with washing into | ml. of 10 per cent (1.25 m) mete 
phosphoric acid contained in a 15 ml. graduated centrifuge tube and the 
volume adjusted to 10 ml. with distilled water. The contents were ther 
oughly mixed, allowed to stand for } hour, and then the protein precipitate 
removed by centrifugation. {n order to determine the amount of sub- 
strate which had been metabolized the centrifugate was analyzed by mean: 
of the Arnow colorimetric method tor dihydroxyphenylalanine. Readings 
were made with the Klett-Summerson photoelectric colorimeter equipped 
with Filter 420. Since the o-dihydroxyphenyl compounds are determined 
by this method, the values obtained have been designated as ‘‘catechol” 
values. In each series of determinations appropriate tissue controls have 
been included. In order to relate oxygen consumption to the reduction 
of the catechol value, excess oxygen to substrate ratios have been caleu- 
lated. In the first place, the oxygen in atoms per mole of amino acid 
initially present (O:D,) has been calculated. J.ikewise the ratio of the 
oxygen consumed to the reduction in catechol value (O:D,) has been de 
termined. 

By using these methods a comparison of extracts from normal and scét- 
butic guinea pigs has been made. In marked contrast to the results ob 
tained with surviving kidney slices (whole cell preparations) (1) normal 
and scorbutic kidney extracts exhibit no significant difference in oxyg# 


| 


Fe 


mR. E. CLEGG AND R. R. SEALOCK 1039 


consumption in the presence of dihydroxyphenylalanine. For example, 


| with five preparations from normal guinea pigs the average excess oxygen 
was 73.1 ul. as compared to 71.3 ul. for five preparations from scorbutic 
- gnimals, as may be seen in Table I. That the similarity in oxidation is 


real is confirmed by the values for reduction of catechol content, which 
are 84.5 and 81.8 per cent, respectively. In turn the similarity is shown 


by the average oxygen to substrate ratios presented in Table I. In order 
) to confirm the finding that ascorbic acid is not a limiting constituent in 
the deficient extracts, crystalline vitamin was added to additional control 
and experimental flasks. As shown in Columns 4 and 5 of Table I, the 


TABLE I 


Dihydroryphenylalanine Oxidation by Normal and Scorbutic Guinea Pig Kidney 
Extracts 
_ The values shown are the results of 3 hour incubations at pH 7.4 and at 37.5° 
- with 1 ml. of 10 per cent extract and 1 mg. of substrate in 2 ml. of reaction volume. 
The values in Columns 2 and 3 are the average values obtained with five guinea 
pigs, while those in Columns 4 and 5 were obtained with three guinea pigs. 


Normal Scorbutic | Scorbutic | Scorbutic + 
ascorbic acid 
| (1) (2) | (3) (4) : (5) 
Basal oxygen, wl. 31.1 +1.9 | 28.6 +2.4 | 29.6 +3.0 33.1 + 2.4 
Excess “ 73.1 +3.9 45.0 | 70.8 + 4.0 68.7 + 4.7 
Reduction of cate- 84.5 + 3.40 | 81.8 +1.9 | 79.8 +0.3 78.8 + 1.5 
chol value, | 

0:D,* «1.28 + 0.06 | 1.22 + 0. 09, 1.242 0.07) 1.21 + 0.14 
0:D, 56 +t 0.038 1.56 + 0.08) «(1.55 + 0.09 | 1.54 + 0.17 


} * See explanation in the text. 


addition of the vitamin did not alter the final values. The excess oxygen, 
the results of the colorimetric analyses, and the ratios are for all practical 
purposes identical. 
Even though the scorbutic animals at the time of sacrificing exhibited 
| the classical symptoms of scurvy, it is well known that an animal dying 
of vitamin C deficiency still contains appreciable quantities of the vitamin 
in the tissues. A more rigorous test would be possible if there were some 
means of causing a more complete depletion of the kidney ascorbic acid. 
{n numerous instances, we have observed that the feeding of extra tyrosine 
causes a more severe depletion. Therefore, two additional guinea pigs were 
} fed the deficient diet supplemented with 10 per cent tyrosine. On the 8th 
and 10th days, respectively, these animals showing severe scurvy were 
sacrificed. The resulting extracts again were found to metabolize dihy- 
droxyphenylalanine as well as normal extracts. As may be seen from Table 


| 
anti- | 
1eta- 
| the 
itate 
dings 
| 
ned | 
hol” 
have 
ction 
acid 
the 
n de 
Scor- 
3 Ob- 


1040 DIHYDROXYPHENYLALANINE METABOLISM 


II three different concentrations behaved entirely like the corresponding 
concentrations of the non-deficient extract. Both gasometric and colorj- 
metric analyses show the same picture. 

As a consequence of these results, it must be concluded that a state of 
scurvy in the guinea pig makes no difference in the ability of the subse. 
quent cell-free extract, prepared by the method described, to metabolize 
the amino acid. In order to analyze this unexpected difference between 
extract and slice (1) and determine why the two should behave differ. 


TABLE II 
Dihydroryphenylalanine Oxidation by Extracts from Normal Guinea Pigs and 
Extracts from Guinea Pigs Fed Extra Tyrosine 
The incubations were carried out as described in Table I except that the pH 
was 6.8. 


Oxygen consumption | 
| Basal | Excess 


Guinea pigs fed 10% tyrosine 


per cent ul. ul. percent 
2.5 12.8 24.6 36.0 
5.0 17.0 49.5 57.4 
10.0 31.5 60.8 74.0 
10.0 23.9 56.9 73.4 
Normal guinea pigs 
2.5 10.3 27.1 31.1 
5.0 17.4 54.1 60.7 
10.0 25.8 58.4 71.6 


ently with respect to vitamin C deficiency, it was first necessary to analyz 
and characterize the enzyme reactions and components involved. | 

At this point it should be recalled that kidney extracts and in particular | 
extracts made from guinea pig kidneys have for some time been known to 
metabolize dihydroxyphenylalanine. Originally, it was shown by Holts | 
in 1938 (3) that the amino acid is decarboxylated and the resulting amine, 
hydroxytyramine, is readily oxidized by the well known amine oxidase. — 
Subsequent papers by Holtz and associates (4) and by Blaschko and his — 
coworkers (5, 6) have contributed significantly to an understanding of the 
reactions in question. The extracts used in our own study are quite sim 
lar to those employed by the above authors but it remains necessary # 
show that the systems are the same. Further, it must be determine 
whether or not the reduction of “catechol” value described above but no 
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previously reported follows decarboxylation and amine oxidation in se- 
quence or whether it is an unrelated reaction. 

P With this purpose in mind numerous experiments with dihydroxy- 
phenylalanine and also hydroxytyramine as substrates have been carried 
out. The results obtained demonstrated that the extracts employed in 
this study decarboxylate the amino acid and oxidize the resulting amine in 
the same fashion as was described by Holtz and Blaschko. For example, 
with the amino acid as the substrate and under anaerobic conditions, 
carbon dioxide evolution was very rapid and for all practical purposes 
complete within the first half hour. On the other hand, repetition of the © 
same experiment aerobically demonstrated that oxygen was consumed more 
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Fig. 1. Oxygen consumption with hydroxytyramine or dihydroxyphenylalanine. 
With each substrate 5.08 um in 2 ml. of total reaction volume at pH 6.8 were used 
and 1 ml. of 10 per cent kidney extract was included. 


slowly, the uptake being complete in approximately 3 hours. In the 
latter experiments, carbon dioxide production, measured at the end of the 
incubation, was found to be approximately that expected from the other 
results. The anaerobic carbon dioxide production, as well as the difference 
in rate of carbon dioxide production and oxygen consumption, almost con- 
clusively proves that oxygen consumption follows decarboxylation of the 
aminoacid. Added evidence is available in the fact that with hydroxytyra- 
mine as the substrate the total oxygen consumed and the rate of uptake 
are essentially the same as those obtained with the amino acid, as is illus- 
trated in Fig. 1. 

By employing cyanide which inhibits the decarboxylase but not the 
amino oxidase (4, 6), it has been found that oxygen consumption is strongly 
inhibited (53 to 84 per cent by 0.00046 m cyanide) when the amino acid 
was the substrate. On the other hand, with hydroxytyramine insignificant 
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inhibition of oxygen consumption was observed. An entirely similar pic- 
ture was obtained when semicarbazide or cysteine was employed as the 
inhibitor. Consequently, the above conclusion relative to the sequence 
of reactions is confirmed. 

The additional fact, already shown in Table I, that during incubation 
the dihydroxypheny] group has disappeared as measured by the catechol 
value, raises the question as to whether this is also a result of oxidation by 
the oxygen consumed or the result of some other reaction. The total extra 
oxygen in numerous experiments has been sufficient to give ratios of 1.2 
to 1.4 atoms per mole of substrate found to disappear. This amount of 
oxygen is only a little more than would be required for the oxidation of 
the dihydroxy group to the quinone. If the assumption that | atom of 
oxygen is used for this purpose is correct, then it would appear that in- 


TaB_Le III 
Oxygen Consumption, Dihydroryphenyl Disappearance, and Ammonia Formation 
| Catechol : Oxygen consumption 
disappearance Calculated Found 
alculated 
pM uM microaioms | microatoms per cent 
6.78 7.63 14.41 9.96 69.0 
7.42 7.63 15.05 9.68 64.3 
7.42 | 7.63 15.05 9.78 64.8 
7.28 | 7.63 14.91 9.8] 65.7 
Average 7.22 | 


sufficient oxygen would be left to account for amine oxidation. ‘Therefore, 
it was important to determine the amount of ammonia formed during the 
reaction and to relate it to oxygen consumption and reduction of catechol 
value. The excess ammonia production in a typical experiment was found 
to be 7.22 um and the reduction of catechol value 7.63 um. If we assume 
1 atom of oxygen for each reaction, then 14.85 microatoms would be theo- 
retically needed. However, as may be seen in ‘l'able III, only 9.81 um or 
65.9 per cent of this amount was actually taken up. However, the réle of 
oxygen in amine oxidation has been well established (4, 5), and since suf- 
ficient oxygen was not consumed to account for both amine oxidation and 
the reduction of catechol value, it is reasonable to assume that the dis 
appearance of the dihydroxyphenyl group is not the result of a direct re 
action involving atmospheric oxygen. 

This conclusion is also supported by the results obtained by the use of 
selected enzyme inhibitors. Of the many inhibitors used in an attempt 
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to obtain evidence which would throw light on the relationship of the oxy- 
gen consumption to the reduction of the catechol value, cyanide and semi- 
carbazide were the most informative. Since these substances inhibit the 
dihydroxyphenylalanine decarboxylase reaction, hydroxytyramine was also 
used as the substrate. In the case of cyanide the results appearing in 
Table IV demonstrated a marked inhibition of the 3,4-dihydroxypheny] 
disappearance (69 per cent) in the presence of a very slight inhibition of 
the oxygen consumption (27.7 per cent). In the same manner 0.005 m 
semicarbazide inhibited the dihydroxyphenyl disappearance to the ex- 
tent of 60.2 per cent, whereas the oxygen consumption was inhibited but 
12 per cent. 


Tasie IV 
Inhibition of Dihydroryphenylalanine and Tyramine Metabolism 
Incubation conditions were as previously described. In the case of cyanide addi- 
tion, the correct concentration was maintained in the main compartment by addi- 
tion of a potassium cyanide and potassium hydroxide mixture to the center well (10). 


| | | Inhibition of 
Inhibitor Coe Substrate | Catechol 
| consumption | 
| mole per l. | | per ceni per cent 
Cyanide 0.00046 Hydroxytyramine 69.6 
0.00046 Dihydroxyphenylalanine | §3.3 72.0 
Semicarbazide 0.005 Hydroxytyramine | 12.0 60.2 
0.05 | $2.3 | 60.2 
0.05 Dihydroxyphenylalanine 80.7 81.2 


For comparison Table IV also contains the results of experiments on 
cyanide and semicarbazide inhibition in which dihydroxyphenylalanine 
was the substrate. Although the inhibition of the dihydroxyphenyl group 
reaction was about the same as when hydroxytyramine was used, the in- 
hibition of the oxygen consumption was greatly increased. When the 
amino acid was the substrate, the reduced disappearance of catechol value 
may be interpreted as a result of inhibition of decarboxylation. As a con- 
sequence, the later reactions in the chain did not occur. With hydroxy- 
tyramine as the substrate, inhibition of decarboxylation is not involved. 
Nevertheless, strong inhibition of catechol disappearance occurred even 
though only slight inhibition of oxygen uptake was observed. This dis- 
crepancy in amount of inhibition would not have occurred if the oxygen 
were being used in the o-dihydroxy reaction. 

The production of hydrogen peroxide in the amine oxidase reaction is 
well established and many investigators have shown that when this hydro- 
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gen peroxide is used to oxidize any easily oxidizable substances in the re. 
action mixture a total of 2 atoms of oxygen is consumed. Since this total 
of 2 atoms was not realized in the case under discussion, it may be con. 
cluded that the hydrogen peroxide or the oxygen produced by its decom. 
position was not responsible for the reduction in catechol value. This was 
confirmed, however, by carrying out the reaction under conditions ip 
which hydrogen peroxide in excess of that produced by the action of the 
amine oxidase on hydroxytyramine was present during the reaction. This 
was achieved by carrying out the enzymatic reaction in the presence of | 
tyramine, which, like hydroxytyramine, is a substrate for the amine oxi- | 
dase and also produces hydrogen peroxide. It may be seen from the re 
sults recorded in Table V that the presence of the second substrate resulted _ 
in a doubling of the oxygen uptake. In spite of the resultant increased 


TABLE V 
Effect of Simultaneous Tyramine Oxidation (Hydrogen Peroride Production) on Di- 
hydroryphenylalanine Metabolism 
The incubations were carried out at pH 6.8 and at 37.5° with 10 per cent kidney 
extracts. 5.08 um of amino acid and 10.16 um of tyramine were used as substrates as 
indicated. 


Substrate Excess —— Catechol compound 
al. pa 
Dihydroxyphenylalanine.......................... 55.3 3.87 
” and tyramine............ 114.5 3.30 


production of hydrogen peroxide there was no increase in the disappear 
ance of the catechol nucleus. 

Since from the results of colorimetric analysis it was evident that ar 
duction of the catechol value did occur, the question of the fate of the 
aromatic nucleus of the amino acid was an important consideration. With 
this question in mind the absorption spectra of the metaphosphorie acid 
centrifugates were determined in order to confirm the above evidence and 
to determine, if possible, the properties of the end-products of the r 
actions. For this purpose a Beckman spectrophotometer was used, § 
minimum slit width being used at all times in order to obtain maximum 
resolution. The data obtained are illustrated in Figs. 2 and 3, in whieh 
optical density is plotted against wave-length. Dihydroxyphenylalanine 
(Curve I) and catechol (Curve II) exhibit maxima at approximately 2800 
and 2750 A. After incubation, the amino acid maximum (corrected fo 
tissue background) at 2800 A has disappeared and a new maximum is ev 
dent at approximately 2550 to 2600 A (Curve IV of Fig. 3). Another les 
pronounced maximum at 3150 A has also appeared. 
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In an attempt to separate the substance responsible for this new maxi- 
mum from the metaphosphoric acid filtrates, butyl] alcohol was used as an 
extracting agent. ‘The butyl alcohol was then removed by vacuum distil- 
lation under carbon dioxide and the residue dissolved in 0.1 N hydrochloric 
acid. The ultraviolet absorption spectrum of this extract is represented 
in Fig. 3. The similarity of this curve with that produced by the unfrac- 
tionated incubated extract (Curve IV) is at once apparent even though the 
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Fic. 2. Ultraviolet absorption spectra of dihydroxyphenylalanine, Curve I, 
(0.005 m) and catecho!, Curve LI, (0.004 m) in 0.1 nN hydrochloric acid. 1 cm. cells 
were used; D = log (/o//). 

Fig. 3. Ultraviolet absorption spectra of dihydroxyphenylalanine and the enzyme 
reaction product. Curve III represents 1 ml. of 0.0025 mM amino acid in 0.125 N 
metaphosphoric acid diluted to 10 ml. with 0.1 N hydrochloric acid. Curve IV 
represents the reaction product from 5.08 um of amino acid contained in 0.125 N 
metaphosphoric acid and diluted 10-fold with 0.1 w hydrochloric acid. Curve V 
represents the buty! alcohol-soluble material redissolved in 0.1 n hydrochloric acid, 
each ml. containing the amount derived from 0.0258 ua of original substrate. With 


each curve, the density plotted is the total density minus that due to the tissue 
constituents. 


concentration of the new compound is less. These results are entirely in- 
dicative of the elimination or extensive modification of the 3 ,4-dihydroxy- 
phenyl portion of the amino acid. They support the data obtained with 
the Arnow analytical procedure and also furnish strong evidence for the 
production of a new compound with a characteristic absorption spectrum, 
in the enzymatic reaction. 

Mason (7) followed the oxidation of dihydroxyphenylalanine by ‘“mam- 
malian dopa oxidase” by the change in the ultraviolet absorption spectrum 
of the reaction mixture, and although he obtained a maximum at 3050 to 
$100 A, he did not observe a point of maximum absorption at 2550 to 
2600 A. The maximum at approximately 3100 A observed in this study 
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may have resulted from miscellaneous oxidation of the “dopa oxidase” 
type, but in any case the maximum at 2550 to 2600 A is not comparable | 
with the results obtained in Mason’s investigation. Therefore, it may be 
concluded that the product of the metabolism of dihydroxyphenylalanine 
by guinea pig kidney extracts is not similar to that obtained in the “dopa 
oxidase” reaction. 

Conjugation of phenol and catechol type compounds is a well known 
detoxication mechanism and recently DeMeio et al. (8) and Bernheim and | 
Bernheim (9) have demonstrated conjugation of phenols by employing 
the slice technique. Therefore, the metaphosphoric acid filtrates were — 
tested for the presence of conjugates. The method of acid hydrolysis usu. _ 
ally employed to hydrolyze catechol conjugates was followed by means of | 
the Arnow analytical procedure. In no case was there encountered any | 
increase of total catechol value, from which it may be concluded that con- 
jugation of the o-dihydroxyphenyl group is not involved in the series of 
reactions under investigation. 


DISCUSSION 


Results described above show that extracts of kidneys from scorbutic | 
and normal guinea pigs oxidize dihydroxyphenylalanine equally well. This 
finding is in direct contrast to that obtained with surviving kidney slices, 
for slices removed from a scorbutic animal are unable to oxidize this amino 
acid (1). The primary difference in the two cases is that of intact cellular 
structure which in itself furnishes no real explanation. Nor is an explana- 
tion immediately apparent in certain minor points of difference. For ex- 
ample, a relatively greater weight of tissue was present when extracts 
were employed, as is usually the case when one proceeds from slice to ex } 
tract technique. This fact does mean that a proportionately greater 
quantity of ascorbic acid is present in the latter case, for it is well know 
that a guinea pig dies of scurvy before the tissues are depleted of the vite 
min. Consequently, ascorbic acid may have been a limiting factor in the 
former study. At least, the addition of the crystalline vitamin caused the 
deficient slices to regain their ability to oxidize the amino acid. In the } 
present study a similar addition was without influence. Likewise, a 
tempts to decrease the ascorbic acid content of the extracts were without — 
effect. This difference between cellular and cell-free preparations, there | 
fore, indicates that the réle of ascorbic acid in the oxidation of this ar 


| 
matic amino acid is highly complex and its elucidation must await further | 
experimentation. a 
In characterizing the enzymatic system present in the extracts employed 

it has been shown that two well known reactions were occurring. Firs, | 
there was decarboxylation leading to the production of hydroxytyramile 
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which in turn was deaminated by the amine oxidase. In addition, a third 
reaction not previously described was observed. This involved the dis- 
appearance of the catechol nucleus as measured by the Arnow nitrite- 
molybdate method and the production of a compound identified by means 
of an absorption maximum at 2550 A. This third reaction, which occurred 
without direct use of atmospheric oxygen, represents an additional step 
of more or less importance in the catabolic handling of the amino acid or 
itsderived amine. ‘The further characterization of the compound produced 
and the factors affecting its production will be of interest from a purely 
metabolic standpoint. However, there is another point of interest. Hy- 
droxytyramine is a recognized hypertensive agent. Consequently, the 
discovery of an additional reaction for the disposal of it and its precursor, 
dihydroxyphenylalanine, affords a new approach to the problem of es- 
sential hypertension. Further analysis of the reaction involving the cate- 
chol nucleus should add to a more complete understanding of the chemical 
phase, particularly that pertaining to the action of the sympathomimetic 
amines. 
SUMMARY 

Centrifuged cell-free extracts prepared from scorbutic or non-scorbutic 
guinea pig kidneys were found to metabolize dihydroxyphenylalanine 
equally well when oxygen consumption and disappearance of the o-dihy- 
droxyphenyl group were measured. 

By the appropriate use of the amino acid and hydroxytyramine with 
aerobic and anaerobic conditions and with selected inhibitors (cyanide 
and semicarbazide), the nature of the reactions occurring has been deter- 
mined. The amino acid has been found to undergo decarboxylation and 
subsequent “‘amine”’ oxidation due to the presence of the respective and 
well known enzymes in the extracts employed. 

Both substrates in the presence of the extract underwent a further re- 
action involving loss of the catechol nucleus without direct mediation of 
atmospheric oxygen or hydrogen peroxide and without formation of cate- 
chol conjugates. This reaction, not previously recognized, was strongly 


inhibited by cyanide and semicarbazide. 


The product resulting from the disappearance of the catechol portion 
was found to possess an ultraviolet absorption spectrum different from 
There was observed one maximum at 2550 A as 
well as a second less pronounced maximum at 3150 A. This compound 
was readily separated from acid solution by means of aqueous butyl al- 


BIBLIOGRAPHY 


1. Sealock, R. R., and Lan, T. H., J. Biol. Chem., 167, 689 (1947). 
2. Arnow, L. E., J. Biol. Chem., 118, 531 (1937). 


} 
| 
| 
| 
Via 
nthe | 
dthe | 
the } 
thout 
cohol. 
First, 


1048 DIHYDROXYPHENYLALANINE METABOLISM 


. Holtz, P., Arch. erp. Path. u. Pharmakol., 190, 178 (1938). 

. Holtz, P., Heise, R., and Liidtke, K., Arch. exp. Path. u. Pharmakol., 191, 87 
(1938). 

. Blaschko, H., Richter, D., and Schlossmann, H., Biochem. J., 31, 2187 (1937). 

. Blaschko, H., J. Physiol., 101, 337 (1942). 

Mason, H. S., J. Biol. Chem., 172, 83 (1948). 

. DeMeio, R. H., and Arnolt, R. 1., J. Biol. Chem., 156, 577 (1944). 

. Bernheim, F., and Bernheim, M. L. C., J. Pharmacol. and Exp. Therap., 78, 394 

(1943). 

. Robbie, W. A., J. Cell. and Comp. Physiol., 27, 181 (1946). 


S 


f 
pl 
be 
ne 
al 
rat 
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Several years ago Dyer (1) reported that ethionine (S-ethylhomo- 
cysteine), when administered to young rats with a 5 per cent casein diet, 
induced a rapid loss in weight terminating in death. The simultaneous 
presence of methionine equivalent to an amount of ethionine in the diet 
prevented the loss in weight and no deaths occurred during the experi- 
mental period. Dyer concluded that ethionine could not be utilized by 
the rat in lieu of methionine probably because no metabolic deethyla- 
tion of ethionine to homocysteine took place. Experiments with an 
amino acid diet supplemented with choline and containing ethionine in 
lieu of methionine have led to similar conclusions (2). Harris and Kohn 
(3) observed a growth inhibition effect produced by ethionine in Esch- 
erichia coli which was completely reversed by methionine in one-tenth 
the concentration of ethionine in the medium. These experiments fur- 
nished the basis for the view that ethionine is an antimetabolite of 
methionine. 

Because of the variety of the metabolic pathways of methionine and 
of the metabolic products which are known to arise from methionine or 
from its degradation products (cystine, homocystine, cystathionine, 
tholine, creatine, etc.), it is not at all clear whether the inhibition of 
growth by ethionine is a result of a “block” in the utilization of methio- 
uine per se, or whether there is interference with the utilization of some of 
the metabolites which normally originate from methionine. The present 
report deals with the inhibition of growth of rats by ethionine on a com- 
plete 25 per cent casein diet and with a study of its alleviation by cystine, 
homocystine, cystathionine, methionine, and choline. The effective- 
tess of the optical isomers of ethionine in the inhibition of growth and its 
ileviation by either isomer of methionine is also described. 

EXPERIMENTAL 


The diet used by Dyer (1) contained 5 per cent of casein. Choline 
"a probably supplied by the vitamin concentrate. On this diet the 
tts do not grow, although the weight is maintained. Since such a diet 
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is evidently deficient in the sulfur-containing amino acids, and its ade. 
quacy in labile methyl groups is uncertain, and since recent reports sug. 
gest a probable deficiency of such a diet in other essential amino acids 
such as lysine, histidine, valine, threonine, and tryptophan (4), it ap. 
peared more suitable for our purpose not to complicate the picture by 
other possible nutritional deficiencies and employ a diet which is ade. 
quate for the growth of the rat. We selected a 25 per cent casein diet, 
As has been shown by Griffith and Wade (5), such a diet is ample in al 
the essential amino acids, but is somewhat deficient in labile methy| 
groups. To produce livers with “normal” lipide content 40 per cent of 
casein was required in the diet. However, for the study of possible labile 
methyl deficiency in the rat on administration of ethionine, a 25 per cent 
casein diet appeared quite satisfactory. The percentage composition of 
the diet was as follows: Labco vitamin-free casein 25, sucrose 15, com- 
starch 31, inorganic salts (6) 4, Crisco 20, cod liver oil 5. 1 kilo of this 
diet contained 10 mg. of thiamine hydrochloride, 10 mg. of riboflavin, 
10 mg. of pyridoxine hydrochloride, 20 mg. of nicotinamide, 50 mg. d 
Ca pantothenate, 5 mg. of folic acid, 1.0 mg. of biotin, 1000 mg. of p 
aminobenzoic acid, 1000 mg. of inositol, and 7 gm. of liver extract (Lilly). 
No choline was added to the diet. 

Male albino rats of the Wistar strain born and raised in this laboratory 
were used. They were selected from several litters at the ages of 24 to 
35 days. The older rats were used in experiments in which choline de 
ficiency was expected to be more severe. This appeared desirable, s 
in the course of this work it was found that choline bears a definite rels- 
tionship to the inhibition of growth by ethionine. The animals wer 
housed in individual cages with raised screened floors, and water and foo 
were allowed ad libitum. The food consumption and the changes i 
weight were recorded twice weekly. All supplements were fed mixed 
with the diet in amounts indicated in Tables I and II. p1i-Ethionim 
was synthesized according to Dyer (1). p-Ethionine and _ L-ethionin 
were similarly prepared from S-benzyl-p-homocysteine and S-benm! 
L-homocysteine respectively, which were obtained by the resolution d 
S-benzyl-pt-homocysteine (7). -Ethionine showed a rotation of = 
+20.1° for a 1 per cent solution in 1 n HCl; for p-ethionine the cor 
sponding value was —20.4°. pv-Methionine and L-methionine were pre 
pared by the resolution of pi-methionine (8). Both isomers of methie 
nine had an equal and opposite specific rotation of 22° in 1 per cent sol 
tion in 1 N HCl. 1-Cystine was prepared from hair, inactive homocystit 
was obtained from methionine (9), and a mixture of L-cystathionine aol 
L-allocystathionine was synthesized by the recently described procedut 
(10). Choline chloride was a commercial product. All the substance 


were analytically pure. 


ta 
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At the end of the experiments the kidneys and livers of the rats were 
examined macroscopically and, if warranted, microscopically. We wish 
to thank Dr. Clark Brown, the pathologist of the Lankenau Hospital, 
for the microscopic examination of the tissues. The livers of the rats 
were weighed immediately upon removal, dehydrated in vacuo at room 


TaBLe I 


Inhibition of Growth of Rats by p1i-Ethionine and Its Alleviation by Various Supple- 
ments Added to 25 Per Cent Casein Diet 


Gain | Food t [Days 
weieht| | Fresh iver | Supplements 
sm. | gm. sm gm. per cent per cent 
1 | 79] 70 |—0.45) 3.5 |4.9 + 0.2/ 20 | 0.55 ethionine 
8 | 1.3 | 3.5 + 0.2); 27 | 0.27 
3 | 56/143) 5.8 |7.4 + 0.4/ 27 | 0.14 
4/ 4.2] 7.4 17.3 + 27 | None 
| 441104); 2.1) 4.5 + 28 | 0.55 ethionine, 0.5 methionine 
6 | 45/165); 4.3 | 7.6 |4.2 + 0.2) 28 | 0.5 methionine 
7 | 6) 67] O 3.8 |4.5 + 0.2/ 25 | 0.55 ethionine, 0.5 cystine 
8 | 54) 102) 1.92) 4.8 + 0.3) 25 | 0.55 0.5 “ 0.5 cho- 
line-Cl 
9 47 |—0.4 | 2.7 |6.2 + 0.4| 25 | 0.55 ethionine, 1.0 cystathionine 
10 | 62] 94] 1.3)5.8 4.9 + 25 | 0.55 1.0 0.5 
choline: Cl 
ll | 51; 105; 1.1/4.3 52 | 0.55 ethionine, 1.0 homocystine, 0.5 
choline: Cl 
105 | 125 | 0.5 | 4.0 |3.3 + 0.2) 38 | 0.55 ethionine, 1.0 homocystine 
36; 6.0 20 | 0.55 0.5 choline-Cl 
91 | 164 | 8.0 4.2 + 0.2} 37 | 0.55 
53 | 52 |—0.1 | 3.7 10 | 0.55 “ 
158 | 6.8 24 | 0.55 0.5 choline-Cl 
158 | 178 | 2.5| 6.3 3.2 40.2; 8 | 0.55 0.5 


*Each group consisted of six rats; the values for weight gain and food intakes 
are averages. 

t Each liver was analyzed separately; the data are mean values, including the 
standard error of the mean. 


temperature over CaCle, and the lipides extracted in a continuous extrac- 
tor with a 1:1 mixture of ethanol and ethyl ether. Upon removal of 
the solvents the lipides were estimated gravimetrically, and the lipide 
content was expressed in per cent of fresh liver. 

Table I summarizes the data obtained on several groups of rats main- 
tained on the 25 per cent casein diet. Increasing amounts of ethionine 
from 0.14 to 0.55 per cent produced progressively greater inhibition of 
growth in all rats; 0.55 per cent of ethionine prevented the growth and 
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in the majority of the rats caused a loss in weight. Rats weighing 35 
to 40 gm. which ingested 0.55 per cent of ethionine in the diet died within 
3 to 4 weeks, and the data were omitted from Table I. Neither cystine, 
homocystine, nor cystathionine fed together with ethionine alleviated 
the growth inhibition. When any of these supplements was fed together 
with choline, or when methionine alone was fed, there was a definite 
resumption of growth. However, it was found also that choline alone 


Taste II 


Inhibition of Growth of Rats by v- or L-Ethionine and Its Alleviation by Either p-o@ 
t-Methionine Added to 25 Per Cent Casein Diet 
Rat Initial Final Gaia Food Days 
| | weiemt | | diet 
gm. om. em. om. per cent 
196 46 40 i—0.4 2.4 14 0.5 L-ethionine 
40 84 2.3 4.4 19 0.5 - 0.5 t-methionine 
84 120 4.0 8.3 9 None 
198 52 52 0 3.1 14 0.5 L-ethionine 
52 90 2.7 » 4.8 14 0.5 ” 0.5 p-methionine 
90 131 3.0 7.5 14 None 
200 53 40 |-—0.9 2.0 14 0.5 p-ethionine 
40 75 2.3 4.7 15 0.5 - 0.5 L-methionine 
75 121 3.3 8.0 13 None 
202 58 51 |-—0.4 2.8 14 0.5 p-ethionine 
51 74 1.3 5.3 14 0.5 aad 0.5 p-methionine 
74 121 3.5 7.7 14 None 
204 50 112 4.4 8.0 14 ss 
112 99 |-—0.9 4.5 15 0.5 t-ethionine 
99 143 3.4 7.3 13 None 
206 59 128 4.9 8.8 14 a 
128 | 120 |-0.5 | 5.4 | 15 | 0.5 p-ethionine 
| 120 180 4.6 9.0 13 None 


* Each rat represents experiments obtained on two animals. 


could prevent or alleviate the inhibition effect of ethionine. It will be 
noted from Table I (Group 12) that 0.55 per cent of ethionine fed toa 
160 gm. rat does not completely suppress the growth as it does when fed 
to a 50 gm. rat (Group 13). It will also be observed that a rate of growth 
equal to that maintained by rats ingesting the basal diet alone was nd 
attained by feeding either choline or methionine together with ethic 
nine. It is possible that a complete reversal of the inhibition by ethic 
nine could have been secured by varying the ratios of inhibitor 
to alleviator in the diet. For the moment, however, the interesting poi! 
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seems to be that choline alone can alleviate the growth inhibition by 
ethionine. The severity of the inhibition by ethionine seems to be re- 
lated to the previous administration of choline to young rats (compare 
data on Groups 11, 12, and 13, Table I, and Rats 204 and 206, Table 
II). 

Table II shows that either isomer of ethionine inhibits the growth of 
the rat on a 25 per cent casein diet, and that either isomer of methionine 
alleviates the inhibition by either isomer of ethionine. 

None of the rats which were fed ethionine alone or together with the 
supplements developed fatty livers or showed kidney damage within the 
period of experimentation.’ On the contrary, the lipide content of the 
livers of rats ingesting ethionine alone or in combination with supple- 
ments, such as cystine, was lower than that shown by rats ingesting the 
basal diet. That our diet was somewhat low in labile methyl groups 
is indicated by the fact that addition of 0.5 per cent of methionine lowered 
the liver lipide content from 7.3 to 4.2 per cent without appreciably affect- 
ing the growth rate (Groups 4 and 6, Table I).?. It is apparent, there- 
fore, that the inhibition of growth by ethionine does not interfere with 
the lipide turnover in the liver on a diet which is somewhat low in labile 
methyl groups.’ 


‘In experiments in which rats were maintained continuously on a 25 per cent 
casein diet supplemented with 0.55 per cent of pL-ethionine and either 0.5 per cent 
of pt-methionine or 0.5 per cent of choline chloride for 90 days, the rats gained an 
average of 120 gm. in weight (the initial weight was about 50 gm.). On autopsy, 
however, the livers of these rats showed no fatty infiltration, but bile-duct prolifer- 
ation, early fibrosis, and lymphocytic infiltration could be observed. The kidneys 
showed tubular degeneration, calcification, and infiltration of lymphocytes. 

*Griffith and Wade (5) observed about 23 per cent of liver lipides with 80 per 
cent incidence of kidney lesions in rats which were fed a diet containing 25 per cent 
of casein for a period of 10 days. Our rats showed livers with only about 7 per cent 
lipides after 27 days of maintenance on our 25 per cent casein diet. Our diet con- 
tained corn-starch in addition to sucrose, while that of Griffith and Wade (5) con- 
tained only sucrose. It is possible that the corn-starch of our diet contained suffi- 
cient choline to offer some protection to the rats against kidney lesions, but not 
enough to give livers with ‘“‘normal”’ lipide content. 

‘In a recent paper Hardwick and Winzler (11) reported that 0.8 per cent of pL- 
ethionine in an 18 per cent arachin diet fed to young rats for 12 days caused a severe 
loss in weight. The rats ingesting ethionine showed less lipides in the liver than 
those ingesting homocystine or homocystine together with choline in the basal 
diet. Addition of methionine in amounts equivalent to those of ethionine in the 
basal diet resulted in alleviation of the inhibition effect of ethionine, but the lipide 
content of the livers of these animals was over 200 per cent of those ingesting ethio- 
tine alone. It should be noted that Griffith emphasized on many occasions that 
fain in weight in a young rat is a prerequisite for fatty accumulation in the liver 
and kidney damage on diets low in the labile methyl group. 
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DISCUSSION 


We cannot describe the exact mechanism which is at play in the inhibj- 
tion of growth by ethionine and its alleviation by either methionine or 
choline. Apparently the mechanism concerns in some way the labile 
methyl groups or the intact choline molecule. If the absence of fatty 
infiltration of the livers of rats ingesting ethionine is the result of choline 
synthesis from the methyl group of dietary methionine, then apparently 
ethionine does not interfere with the transmethylation of methionine. 
The ethionine effect is not one of interference with the synthesis of cystine 
from methionine, since neither cystine, homocystine, nor cystathionine 
alleviated the inhibition produced by ethionine. The alleviation of the 
inhibition by choline suggests, however, that ethionine induces increased 
demand for choline, presumably at the expense of dietary methionine. 
That choline might exert a “methionine sparing” effect in the rat, releas- 
ing thereby more methionine for growth purposes, has been suggested, 
and growth stimulation by choline under such conditions has been noted 
(12). It has also been proposed that the requirement for methionine 
in the rat is determined by the needs for growth and those for lipotropism 
(13). It is possible, therefore, that an increased requirement for choline 
in our experiments which was induced by ethionine administration cur- 
tailed the amount of methionine available for growth. 

This increase in the need for choline induced in the rat by ethionine 
ingestion suggests the possibility that ethionine interferes with some 
processes in which choline per se or only the labile methyl group plays a 
réle which is essential for normal tissue synthesis. Normally, on a choline- 
free diet, the labile methyl group of methionine is not exclusively used 
for the synthesis of choline. A considerable fraction of it is oxidized 
to CO, (14), which in turn may be used for other synthetic reactions 
Also there are other essential methylation processes which draw upo 
the labile methyl group of methionine (15). It is conceivable that the 
increased need for choline which is created by ethionine administration 
results in a diversion of the labile methyl group of methionine for greater 
synthesis of choline. This would tend to create a stress in relation t 


other methylation reactions, some of which are essential for the wel | 


being of the animal. This stress can be rectified by the administration 
of either methionine, choline, or, perhaps, other methyl donors. I 
would be of interest to ascertain whether in the presence of ethionine i 
the diet the methylation to yield creatine, anserine, epinephrine, ete., i 
diminished in the rat, and by the use of tracer technique to 

whether under these conditions the labile methyl group of methionine 


is available for various methylation reactions, including the synthess 


of choline, to the same extent as in the absence of ethionine. 
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The observation that either optical isomer of ethionine induced growth 
| inhibition suggests the probability that the p isomer was inverted to the 
L enantiomorph in vivo, probably via the intermediary a-keto acid. In 
the rabbit, the administration of racemic ethionine leads to an increased 
excretion in the urine of a-keto acids (16). The activity of the two enan- 
tiomorphs of ethionine in the rat is in contrast with the results obtained 
with §-2-thienylalanine in Saccharomyces cerevisiae, Escherichia coli, 
and Lactobacillus delbrueckii LDS (17) and with methoxinine in Esch- 


_ erichia coli (18). Only the L isomer of thienylalanine inhibited the growth 
jn all three organisms, and in the case of methoxinine only the L form 
of methionine alleviated the inhibition induced by the racemic compound. 


It is also of interest that in the rat methoxinine inhibited growth without 
producing fatty infiltration in the liver (19). The differences in the re- 
sponse to the two enantiomorphs of antimetabolites in bacteria, as con- 
trasted to those in the rat, may be due to species characteristics, reflect- 
ing their ability to utilize only one optical form of an amino acid. Both 
forms of methionine are available to the rat for synthetic reactions, and 
it is, perhaps, not surprising that in this animal either optical form of 
ethionine inhibited growth. 

In discussing the relationship of amino acid analogues to protein syn- 
thesis in bacteria, Work and Work (20) expressed an idea which appears 
of interest to the discussion of. the possible relationship of ethionine to 
protein synthesis in the rat. They stated: “To upset protein synthesis, 
the organism might be presented with amino acid analogues capable of 
being built up in peptide linkage but incapable of proper function in the 
completed protein.”’ ‘This idea suggests the possibility of incorporation 
of ethionine into the tissue protein of the rat. As we stated before, the 
alleviation of the inhibition by ethionine is not completely reversed by 
either choline or methionine under the conditions of our experiments, 
and prolonged administration of ethionine together with either choline 
or methionine produced pathological changes in the liver and kidney 
of the animal.' In the case of methoxinine its “toxicity” to the rat is 


still apparent in spite of the beneficial effects of methionine (19). These 

_ “subtle effects’ (19) of amino acid antimetabolites in the rat warrant 
further study of their possible relationship to protein synthesis. Em- 
ploying the tracer technique, we are attempting at present to elucidate 
the problems which we outlined in the “Discussion.” 


SUMMARY 


1, t-Ethionine, p-ethionine, or pt-ethionine inhibited the growth of 
_ fats maintained on a 25 per cent casein diet. L-Methionine or p-methi- 
| onine alleviated the inhibition by either isomer of ethionine. 


j 
F 
> 
ag 
& 


q 


1056 GROWTH INHIBITION BY ETHIONINE 


2. Neither cystine, homocystine, nor cystathionine alleviated the growth 
inhibition by ethionine. Choline was effective. | 

3. No fatty infiltration in the liver or kidney damage were observed | 
in rats ingesting ethionine during the experimental period. Feed; 
of ethionine over a period of several months together with choline o 
methionine resulted in liver and kidney damage without fatty infiltration, 
In the amounts fed, neither choline nor methionine fed together with 
ethionine stimulated the growth to the level obtained on the basal diet, 

4. The possible significance of these results in relation to labile methy! 
group economy and to tissue protein synthesis in the rat is discussed. 
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ON THE AVAILABILITY OF THE DIKETOPIPERAZINES OF 
CYSTATHIONINE, HOMOLANTHIONINE, AND METHIONINE 
TO RATS FOR GROWTH PURPOSES 


By JAKOB A. STEKOL ann KATHRYN WEISS 


(From the Lankenau Hospital Research Institute and The Institute for 
Cancer Research, Philadelphia) 


(Received for publication, March 1, 1949) 


We recently reported the synthesis of cystathionine and of the next 
higher homologue of lanthionine, homolanthionine (1). The intermediates 
in this synthesis were the corresponding diketopiperazine derivatives. 
Inspection of the structures of these intermediates reveals the fact that the 
cysteine moiety of the cystathionine molecule in the cystathionine diketo- 
piperazine derivative and, similarly, one of the homocysteine moieties 
of homolanthionine in the homolanthionine diketopiperazine derivative 
are free. The possibility that these free residues of cystathionine and 
homolanthionine diketopiperazines might undergo cleavage in vivo, and 
thereby become available to rats for growth purposes, could not be dis- 
missed a priort. ‘The structural formulas of the diketopiperazine deriva- 
tives of cystathionine, homolanthionine, and methionine are given below. 
The last compound was included in the study because of the possibility 
that methionine anhydride sulfur, following the demethylation of the com- 
pound tn vivo, could be linked to the carbon residue of serine, thus giving 
rise to cystathionine diketopiperazine. Should such demethylation of 
methionine anhydride occur, the lipotropic effect of the methyl group could 
then be detected in the rat which is maintained on a diet with low labile 
methyl group content. 

Previous investigations have shown that rat liver preparations cleave 
L-cystathionine to cysteine (2). .-Cystathionine is available to the rat 
for growth purposes in lieu of cystine, while L-allocystathionine in the 
presence of dietary choline stimulates the growth in lieu of methionine 
(3). D-Cystathionine and p-allocystathionine were neither cleaved to 
cysteine or homocysteine by rat liver preparations (2) nor were they avail- 
able to the rat for growth purposes in lieu of cystine or methionine (3). 
Thus, the in vivo and in vitro cleavage of cystathionine obviously depended 
on the optical configuration of the cysteine moiety of the cystathionine 
molecule, the L form conferring the biological activity on the thio ether. 
Since our preparation of cystathionine was a mixture of 1-cystathionine 
and L-allocystathionine (both forms being biologically active), the above 
experimental findings further strengthened the possibility that the cysteine 
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| moiety of cystathionine diketopiperazine might be available to the rat by 
simple cleavage of L-cysteine. 

We have recently reported that our preparation of homolanthionine (a 
mixture of pL and meso forms) is biologically active in lieu of cystine and, 
to some extent, in lieu of methionine (4). Furthermore, tracer studies 


TaBLe I 


Availability of Diketopiperazines of Cystathionine, Homolanthionine, and Methionine 
to Rats for Growth Purposes on Low Casein Diet 


| | = cet | Supplements to Diet C-8 
gm. cm. gm. gm. per cent 
Dag 57 86 1.0 28 8.0 | 0.9 homolanthionine diketo- 
piperazine 
86 90 0.8 5 6.8 | None 
90 154 2.7 24 10.5 0.55 homocystine 
154 149 —0.7 7 8.8 | None 
2 50 71 0.9 24 7.5 | 0.2 choline-Cl 
71 98 0.9 30 8.0 |0.2 “ and 0.9 homolan- 
thionine diketopiperazine 
98 116 1.2 14 9.2 | 0.2 choline-Cl 
3 54 77 0.92 25 6.6 | 0.85 cystathionine diketopi- 
perazine 
77 132 2.2 25 8.5 | 0.5 cystine 
4 56 81 1.08 23 7.5 | 0.2 choline-Cl and 0.85 cysta- 
thionine diketopiperazine 
81 111 1.0 30 8.3 | 0.2 choline-Cl 
| § 48 67 1.1 17 8.0 | None 
67 80 0.81 16 8.1 | 0.6 methionine anhydride 
80 136 1.93 29 9.8 | 0.61 " 
136 132 —0.5 8 7.4 | None 
6 55 80 2.5 10 9.2 | 0.93 cystathionine 
80 95 0.72 21 6.7 | None 
95 140 2.8 16 9.8 | 0.93 cystathionine 
7 50 140 1.1 84 8.8 | None 
, 8 60 144 1.0 84 9.0 | 0.2 choline-Cl 


* Each group of rats consisted of three animals. The data are average values. 


have shown that the sulfur of homolanthionine is available for the synthesis 
of hair cystine in the rat (5). If this activity of homolanthionine was a 
result of a simple cleavage of homocysteine, then by virtue of the reason- 
| ing outlined above for cystathionine diketopiperazine one could expect 
such cleavage to occur in vivo in the case of the diketopiperazine derivative 
of homolanthionine as well. On the other hand, if the activity of the en- 
_ fymatic systems involved in the cleavage of either cystathionine or ho- 
molanthionine depends not only on the optical configuration of the cysteine 
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and homocysteine moieties respectively, but also on the availability of the 
a-amino and carboxy! groups of the rest of the respective molecules, then 
no stimulation of growth could be expected to result on administration of 
either of the diketopiperazines. It appears well established that the dike. 
topiperazine bond cannot be split by the animal organism. ‘The study 
presented here describes the results of testing these alternatives. 


EXPERIMENTAL 


Five litters of male albino rats of Wistar strain born and raised in this 
laboratory were used. The experimental conditions employed and the 
composition of the diet used were previously described (4). The liver 
lipides of the rats which ingested methionine anhydride were estimated 
gravimetrically by extraction of the dehydrated liver in a continuous ex- 
tractor with a 1:1 mixture of ethanol and ethyl ether. The lipide values 
were expressed in per cent of fresh liver. Cystathionine, cystathionine 
diketopiperazine, and homolanthionine diketopiperazine were synthesized 
according to a recently described procedure (1). Methionine, methionine 
anhydride, and homocystine were prepared according to Snyder et al. (6), 
The compounds were analytically pure. The amounts of the supplements 
fed to the rats are indicated in Table I. 


DISCUSSION 


As is apparent from the data presented in Table I, the diketopiperazine 
derivatives of cystathionine, homolanthionine, or methionine did not stim- 
ulate the growth of rats which were maintained on an 8 per cent casein 
diet. Addition of choline to the diet did not alter the results. On the 
other hand, administration of either cystathionine, cystine, methionine, 
or homocystine promptly resulted in stimulation of growth. The prepara- 
tion of cystathionine synthesized by our method is thus physiologically 
active, as was expected on theoretical grounds (1). It is apparent from 
these results that blocking the homocysteine moiety of cystathionine by 
the diketopiperazine ring abolishes the physiological activity of cystathio 
nine as far as the stimulation of growth is concerned. This could pre 
sumably mean that the cysteine moiety of the diketopiperazine derivative 
of cystathionine, although free, cannot be cleaved by the rat organism. 
The same conclusion is applicable to the results obtained with homolat- 
thionine diketopiperazine. It could be presumed on the basis of thes 
results that rat liver preparations will be unable to cleave either the cysteine 
or the homocysteine moieties from the diketopiperazine derivatives d 
cystathionine and homolanthionine respectively,' if such cleavage parallel 
the biological activity of the compounds in vivo. 


1 Under the conditions which readily permit rat liver preparations to cleave cyst 
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The livers of rats which ingested 0.6 per cent of methionine anhydride 
with the 8 per cent casein diet for 3 weeks contained 21.0 per cent of lip- 
ides (average value for six animals). The control animals kept on the 
basal diet alone for 3 weeks showed 20.0 per cent of lipides in the liver. 
It is apparent that the methyl group of methionine anhydride was not 
available to the rat for lipotropism. 


SUMMARY 


The diketopiperazine derivatives of cystathionine, homolanthionine, and 
methionine did not stimulate the growth of rats maintained on a low 
casein diet, in spite of the fact that the cysteine and homocysteine moieties 
of the diketopiperazines of cystathionine and homolanthionine are free. 
Methionine anhydride did not lower the lipide content of the livers of rats, 
suggesting that no demethylation of methionine anhydride took place 
in vivo. 


1. Stekol, J. A., J. Biol. Chem., 178, 153 (1948). 

2. Anslow, W. P., Jr., and du Vigneaud, V., J. Biol. Chem., 170, 245 (1947). 

3. Anslow, W. P., Jr.. Simmonds, 8., and du Vigneaud, V., J. Biol. Chem:, 166, 35 
(1946). 

4. Stekol, J. A., and Weiss, K., J. Biol. Chem., 175, 405 (1948). 

5. Stekol, J. A., and Weiss, K., J. Biol. Chem., 179, 67 (1949). 

6. Snyder, HI. R., and Cannon, G. W., J. Am. Chem. Soc., 66, 511 (1944). Snyder, 
H. R., Andreen, J. H., Cannon, G. W., and Peters, C. F., J. Am. Chem. Soc., 64, 
2082 (1942). 


thionine to cysteine (2), homolanthionine was not cleaved either to homocysteine 
or to H.S. Neither was cysteine formed under these conditions in the presence or 
absence of NaCN (Stekol, J. A., and Weiss, K., unpublished data). 
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ISOLATION AND PROPERTIES OF CRYSTALLINE a-AMYLASE 
FROM*GERMINATED BARLEY* 


By SIGMUND SCHWIMMER anp A. K. BALLS 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial 
Chemistry, Agricultural Research Administration, United States 
Department of Agriculture, Albany, California) 


(Received for publication, March 7, 1949) 


The isolation of crystalline a-amylase has been reported in a preliminary 
communication (1). Details of the method of isolation, behavior of the 
fractions leading to crystallization, and some properties of the crystalline 
material are reported here. This material constitutes the first instance of 
the crystallization of an a-amylase from a higher plant and is probably the 
only protein crystallized from barley malt. The only other amylase crys- 
tallized from a higher plant is the 8-amylase protein obtained from the 
sweet potato by Balls, Walden, and Thompson (2). 


Methods of Assay 


Amylase and Other Enzymes—When a- and 8-amylases were both present, 
each enzyme was determined by the methods of Olson, Evans, and Dick- 
son (3). After the 8 enzyme had been destroyed (by heat) in the course 
of purifying a-amylase, the a-amylolytic activity was determined as de- 
scribed by Schwimmer (4), by measuring the rate of change in the intensity 
of the color formed when iodine is added to the digesting starch. Under 
controlled conditions, the time required to arrive at any specified intensity 
is inversely proportional to the amount of a-amylase. This proportion- 
ality holds over a wide range of enzyme concentrations and of color in- 
tensities, but measurements are best when the system transmits about half 
the incident light. 

For reasons of convenience and somewhat increased accuracy, a new unit 
of a-amylase will be used here and in later communications. The new 
unit is defined as that amount of enzyme which (with starch as the initial 
substrate) gives 50 per cent transmission at 660 my in 10 minutes under the 
previously specified conditions. The units may be read off by interpola- 
tion on an ordinary curve of time versus per cent transmission, made with 
any preparation of malt a-amylase that has previously been heated to 70° 


*Enzyme Research Division Contribution No. 121. 

'] a-amylase unit as described here is equivalent to 0.16 of the unit of Sandstedt, 
Kneen, and Blish (5), and to 0.0026 mg. of protein nitrogen in the form of the twice 
crystallized protein described here. 
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DEXTRIN-IODINE COLOR 
(% TRANSMISSION AT 660 mp) 
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5 6 20 
TIME (MINUTES) 
Fia. 1. The change in color of the dextrin-iodine complex and the per cent of glu- 
cosidic bonds hydrolyzed as the hydrolysis by a-amylase proceeds. 
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OPTICAL DENSITY 


0.25 


i 


0.1 0.5 
MG. PROTEIN NITROGEN 

Fic. 2. Relation between optical density of malt protein solutions and protein 
nitrogen content as determined by micro-Kjeldahl. Curve A, optical density of 
turbid solutions determined at 400 my in an Evelyn colorimeter. The solutions were 
prepared by mixing 1.0 ml. of a (suitably diluted) crude protein solution with 10.0 
ml. of 2 per cent trichloroacetic acid. Concentration is expressed as mg. of nitrogen 
per ml. of the diluted protein solution before addition of the trichloroacetic acid. 
Curve B, optical density of 1 cm. of solutions of crystalline a-amylase read at 281 m 
in a Beckman spectrophotometer. Protein nitrogen concentration is expressed 4 
mg. per 10 ml. of solution. 
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for 15 minutes to free it from the 8 enzyme. Such a curve is shown in 
Fig. 1. For comparison the fraction of total glycosidic bonds hydrolyzed 
in the same time is shown. 

Hydrolysis of glycosidic bonds was followed by. a modification (6) of the 
Willstatter-Schudel reduction of hypoiodite (7). This method was also 
used to determine maltase activity. Phosphatase was assayed by the 
method of Axelrod (8), which is based on the rate of hydrolysis of p-nitro- 
phenyl! phosphate. 

Protein Nitrogen and Specific Activity—The specific activity is expressed 
as a-amylase units per mg. of protein nitrogen, [au./PN]. Protein nitrogen 
was estimated by one of three methods. For routine analysis of crude 
preparations a turbidimetric measurement of the precipitate with trichloro- 
acetic acid was made in an Evelyn colorimeter at 400 my. Protein nitrogen 
in colorless, purified preparations was determined by the ultraviolet ab- 
sorption of the protein solution at 281 my measured by a Beckman spectro- 
photometer. The relation between optical density and protein nitrogen 
in these two cases is given by Fig. 2. These methods were checked by usual 
micro-Kjeldah! determinations on washed trichloroacetic acid precipitates. 


Procedure for Isolation 


Characteristics of Crude Concentrate—Commercial malt syrup was used 
as source material.2?, This extract was very high in sugar and contained 
salt and sulfite as preservatives. Its activity was about 1.5 times that of 
the same weight of a highly diastatic malt; however, the specific activity 
of the a-amylase therein was 3 to 4 times as high. When heated to 70° for 
16 minutes, over half of the protein, including all of the 8-amylase, was 
removed, but there was no loss of a-amylase activity (Table I). In con- 
trast to dilute malt extracts (4), a-amylase cannot be removed from this 
material by bentonite. No additional calcium salt was required to stabilize 
the enzyme during heating. As a routine procedure, 2 liters of this con- 
centrate were heated to 70° for 15 minutes and then filtered on a Biichner 
funnel with 60 gm. of Celite. The residue was then washed with calcium 
sulfate solution until the final volume was again 2 liters. This filtrate is 
Line 2 in Table II, where the entire procedure is summarized and the 
specific activity and yield are shown at each step. 

Precipitation by Ammonium Sulfate—Practically all the a-amylase was 
precipitated from the filtrate just described by making it 0.43 to 0.50 satu- 
rated with ammonium sulfate, and adjusting the pH to 5.6 to 6.0 with 
ammonia.’ After 2 hours at room temperature, the precipitate was filtered 


* Obtained through the courtesy of Dr. Alexander Frieden of the Pabst Brewing 
Company, to whom the authors express their best thanks. 

* Solid ammonium sulfate was used in the amount required if the liquid was water 
(instead of being a strong solution of maltose). 
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onto fluted paper (Schleicher and Schill, No. 588), and washed with 5 or 6 
times its volume of 0.33 saturated ammonium sulfate solution (pH 5.6 | 
to 6.0) containing 2 gm. of calcium sulfate per liter. The washed precipi. 
tate is Line 3 in Table IT. 

This precipitate may be considerably purified by repeated fractional 
precipitations with ammonium sulfate. A specific activity of 340 was once 


TaBLe 
a-Amylase and Protein Nitrogen in Crude Malt Extract after Heating at 70° and 
Filtering 
Activi | SpeciBe activity 
Time of beating [+ Protein nitrogen | 
mil. PN 
min. mg. per mi. 
0 16.0 2.35 6.7 
4 16.6 
7 15.9 1.41 11.3 
10 15.8 1.25 12.8 
16 16.0 1.10 14.6 
24 14.0 1.07 13.1 
35 13.0 0.95 13.7 
TaB_e II 


Summary of Isolation of Malt a-Amylase 


Volume perm 

ml. 
2. Heated to 70° and filtered...................... 2000 13.5} 27 13 te 
3. Ppt. at 0.43 saturated ammonium sulfate........ (17 gm.) 22 80 C1 

4. Alcoholic solution of partly purified enzyme... .. 200 95 21 105 
6. Ppt. from eluate. 16 th 
7. Suspension of Ist crystals. 30. 467 14 | 380 te 
8. 7 of crystals, 4 times recrystallized. . 20 3§© 400 8 | 30 ie 
or 
obtained in this way, to be compared with 390 found later for the crystalline tis 
protein. The yields were invariably low, and the material never got be | to 
yond the “globular stage,’’ but much information of subsequent value was en: 


obtained by studying these preparations. The enzyme exhibited a mini- 
mum solubility in dilute ammonium sulfate (0.28 saturated) in the neigh- an 
borhood of pH 6.0. Furthermore, more protein impurities remained iD des 
solution when precipitation was made at pH 6.0 to 7.0 than otherwise. tiv 
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Thus the specific activity of the precipitate obtained at 0.28 saturation of 
a partially purified enzyme solution that contained 81 units per ml. was 
210 at pH 5.1, 260 at pH 6.0, 240 at pH 7.0, and 205 at pH 7.5. 

An attempt was also made to predict the specific activity of the pure 
enzyme by the method of Falconer and Taylor (9). To this end, a solution 
of partly purified enzyme was precipitated at different concentrations of 
ammonium sulfate. At zero ammonium sulfate (7.e., when diluted with 
water instead) the solution contained 135 units of a-amylase per ml. with a 
specific activity of 197 units per mg. of protein nitrogen. Fig. 3, b is plotted 
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Fie.3,a. Solubility of protein and solubility of the a-amylase activity at several 
concentrations of ammonium sulfate; pH 5.8; for other data see the text. 
Fig. 3, b. Activity remaining in solution. Variation of activity with total pro- 


tein remaining in solution as calculated from Fig. 3, a. The slope of the tangent to 
CB is 1.93. 


from the solubility data of Fig.3,a. According to Falconer and Taylor (9) 
the tangent DB represents the behavior of a system in which the enzyme 
ispure. Therefore, in the preparation used, 48 per cent of the total protein 
is inert, and the specific activity of the remaining 52 per cent is 197 X 1.93, 
or 380. This is in remarkably close agreement with the maximum ac- 
tivity, 390, found for the material crystallized later. The activity and 
total protein content of the soluble phase are shown in Fig. 3, a. The 
enzyme is seen to be less soluble than the remainder of the protein. 

The stability of the partially purified protein toward methanol, ethanol, 
and acetone was tested. Of these reagents, ethanol seemed to be least 
destructive. In 40 volume per cent ethanol about half the enzymic ac- 
tivity was lost in 6 hours at 25°, while at 5° no loss whatever occurred in 
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24 hours. The enzyme was found to be quite soluble in ethanol solutions 
up to 55 volumes per cent, at temperatures around — 20°. 

Adsorption on Starch Granules—The adsorption of amylase on starch was 
reported by Starkenstein in 1910 (10). In 1933, Holmberg (11, 12) found 
that the a component of malt amylase could be separated from the 8 com- 
ponent by adsorption of the former on starch, but apparently this method 
was not used extensively. Hockenhull and Herbert (13) found that the 
amylase of Clostridium acetobutylicum is adsorbed onto potato starch in the 
presence of alcohol at low salt concentrations. 

It was found, starting with material corresponding to Line 3, Table II, 
that the a-amylase could be adsorbed to some extent on raw wheat starch 
from aqueous solutions, but much more completely from solutions con- 
taining ethanol. Unlike most adsorptions, that of the amylase required 
considerable time. In one experiment, 100 cc. of 40 per cent ethanol con- 
taining 10,500 units of enzyme was stirred at 0° with 20 gm. of raw starch. 
In 30 minutes, 50 per cent of the activity was adsorbed, 65 per cent in 8 
minutes, and 70 per cent (the maximum) in 90 minutes. Some non-selee- 
tive adsorption of protein also took place. Better results were obtained 
by the use of a Zechmeister column, usually 40 mm. in diameter, filled toa 
depth of 10 to 12 cm. with a mixture of equal weights of Celite and wheat 
starch. The column was used as follows: 

The washed precipitate (Line 3, Table II) was made up to a volume of 
50 ml. in water; then an equal volume of cold 80 per cent ethanol containing 
5 gm. of calcium chloride per liter was added. The insoluble material 
was filtered out with a little Celite and washed with diluted alcoholic 
calcium solution (40 per cent alcohol) until the total volume of filtrate and 
washings was 200 ml. (Line 4, Table II). This was kept for 30 to 
minutes at +5° and filtered again if a precipitate (CaSO,) appeared. It 
was poured onto a dry well packed column of starch and Celite and sucked 
through. The column was usually kept at room temperature. It was 
next washed with diluted (40 per cent) alcohol until the outflow was color- 
less. Elution was made by pouring 50 ml. portions of water saturated with 
calcium sulfate through the column at room temperature. Each portion 
of eluate was kept separate until assayed and only those containing much 
enzyme were combined and used (Line 5, Table II). 

An experiment was made to determine the distribution of enzyme in the 
column after the washing procedure. The data are given in Table III. 
Most of the enzyme remained near the top, but the enzyme toward the 
bottom was somewhat purer. 

Final Purification—The enzyme was precipitated from the combined 
eluates (about 150 cc.) by 0.66 saturation with ammonium sulfate (pH 6.0). 
The precipitate (Line 6, Table IT) was collected in a little Celite on a small 
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Biichner tunnel, and washed thereon with about 20 ml. of half saturated 
ammonitim suliate 6.0). Tt was then dissolved while on the filter in 
as small a volume as convement (15 to 20 ml.) of half saturated caleium 
sulfate. At this stage the enzyme solution was clear, colorless, and con- 
tained about 2to3 mg. per mil. of protem nitrogen. The pH of the solution 
was adjusted, when necessary, to 5.0 to 6.0 with O.L N% ammonia, and satu- 
rated ammonium sulfate solution at the same pH was added slowly up to 
0.26 saturation. When pliced at 30°33°, ervstals of the enzyme appeared 


Distribution of Amylase Aetivity in Starch -Celite Column after Washing* 


, Per cent of total Per cent of total . Per cent ac tivity 
i) enetn ‘iat purity 
Portion \ ba activity protein nitrogen Relative purity per cm. of depth 

3 16 110 

1] 10) 110 


The column was divided into four portions, Noo berg the Portions 
land Sareshehtly higher in Celite content. since a padot Celite was placed at either 
end 
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inl to 3 hours. Later, ammonium sulfate was added to 0.33 saturation, 
and after standing overnight in the incubator the suspension Was centri- 
luged (Line 7, Table For reervstallization, the sedimented crystals 
were taken up in 15 mi. of cold half saturated caleium sulfate solution and 
the crystallization carried out as before. The protein seems to be more 
soluble in the cold. Crystal formation was not observed below 25° or be- 
low pH 5.6. The specitie activity and recovery of enzyme through four 
successive erystallizations are shown in Table IV. The purity of the 
mother liquors gradually approached that of the ervstals which separated 
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from them. Analysis (Injeldahl) of the twice crystallized material gave 
13.4 per cent nitrogen atter prolonged dialysis against distilled water. 

The erystals (Pig. 4) are hexagonal prisms, about 13 4 in length, capped 
by pyramids. Larger ervstals (about 30 in length been occasionally 
obtained when an amorphous precipitate appeared at first and did not 
ervstallize for several hours. Thev were usually accompanied by large 
amounts of amorphous protein. 


hig. 4. Crystals of the a-amyvlase of barley malt OX SSO) 


Several Properties of Crystalline Protein 


Solulnlity Curve Vhe solubilitw of the crystalline protein in half satu- 
rated ammonium sulfate (adjusted to pH 5.95 with ammonia) was deter- na 
mined in the presence of increasing amounts of the ervstals, according to 
the technique deseribed by Herriott (14). The ervstals were washed with 
the solvent and then suspended in it. The suspensions were diluted to 
constant volume with more solvent and the containers were slowly rotated 
on a horizontal axis for 16 hours at 25°. Thereafter the solid phase was 
removed by centrifugation, and the absorption of the supernatant liquids | 
Was measured at 281 my in a Beekman spectrophotometer as a measure 
of their protein content. Analysis of the curve shown in Fig. 5 indicates, 
according to the discussion of Herriott, the presence of G5 to G7 per cent 


gages 


of one protein component. 
The ultraviolet absorption spectrum of a twice crystallized preparation dat 
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is shown in Fig. 6. It exhibits the usual maxima, owing to tyrosine, and 
tryptophan. 

Osmotic Pressure, Molecular Weight, and Turnover Number—The molecu- 
lar weight of four times crystallized protein was calculated from osmotic 
pressure Measurements made by the procedure of Bull (15). The enzyme 
was dissolved in 0.2 M acetate buffer, pH 6.1, made up with water saturated 
with calcium sulfate. The protein was dialyzed against the solvent for 1 
week at 5°. Equilibrium in the osmometers was reached from both sides 


4 PROTEIN NITROGEN/ ML. IN SOLUTION 


A i i L l 
am) 10 20 40 60 80 


Y PROTEIN NITROGEN/ ML. SUSPENSION 


Fig. 5. Solubility of three times crystallized malt a-amylase in half saturated 
ammonium sulfate at pH 5.95 in the presence of increasing quantities of solid phase. 


in 5 days at 30°. The final values were 2.86 and 2.72 cm. of water for the 
osmotic pressure of solutions containing respectively 0.656 and 0.643 gm. 
of protein per 100 gm. of solvent. The molecular weight was therefore 
calculated as 59,500 + 900. 

Calculation of the turnover number from this value and the data of Fig. 7 
indicates 19,000 bonds hydrolyzed per minute per molecule of enzyme 
(molecular weight taken as 59,500) when the total number of glycosidic 
bonds per molecule of enzyme in the digestion mixture was 4 X 10°. The 
turnover number for crystalline pancreatic amylase, calculated from the 
data of Meyer, Fischer, and Bernfeld (16) and by Fischer and Bernfeld (17), 
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is 25,000, with 45,000 as the molecular weight when 4 X 10‘ glycosidic 
bonds were present per molecule of enzyme. 

Enzymic Action—The elimination of 8-amylase in the early stages may 
be justly assumed, since this enzyme in malt is known to be relatively 
sensitive to heat. Furthermore, the rate of production of reducing sub- 
stances from starch (Fig. 7) is not in accord with the effect of even a small 
amount of the 8enzyme. Thus the addition of calcium sequestering agents 
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Fic. 6. Ultraviolet absorption of crystalline malt a-amylase (0.0083 mg. of protei 
nitrogen per ml. in 0.1 m acetate, pH 6.0, containing CaSQ,). 


(0.01 m “‘tetraphosphate”’ or 0.01 m hexametaphosphate, pH 5.0) was found 
to have no effect upon f-amylase, but destroyed all the amylolytic a- 
tivity of the a preparations. 

The extent of digestion of soluble starch solutions by two different cot- 
centrations of crystalline amylase is shown in Fig. 7. Formation of 
ducing substances appears to follow the same kinetics as observed by 
Bernfeld and Studer-Pécha (18) with partially purified malt a-amylas 
acting on amylose. This behavior has been regarded as characteristic @ 
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a-amylase action. On the other hand, Fig. 1 indicates that the reducing 
value at the ‘‘achromic point” (no color of the digest with iodine) was 24 
per cent compared to the value of 30 per cent reported by Hanes and Cattle 
(19). However, this difference may be due to the differences in the iodide 
and iodine concentrations used to obtain the color. Swanson (20) has 
shown that the absorption maxima of the dextrin-iodine complexes shift 
towards smaller wave-lengths during digestion of amylose by a-amylase. 
Whereas partially purified preparations of malt a-amylase rapidly lost 
all activity when dialyzed against distilled water, it was difficult to destroy 
the activity of a solution of crystals completely by the most thorough 
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Fic. 7. Hydrolysis of soluble starch by crystalline malt a-amylase at 30°, pH 4.6. 
The concentration of starch was 12 mg. per ml. The concentration of enzyme protein 
was 0.7 per ml. for Curve A and 13y per ml. for Curve B. An additional amount of 


enzyme was added at 303 minutes to bring the total concentration of enzyme protein 
to 20 y per ml. 


dialysis (20 ml. was dialyzed for 1 week against a total of 30 liters of dis- 
tilled water). Such dialyzed enzyme lost 84 per cent of the activity and 
59 per cent of the protein became insoluble. This preparation still gave 
a positive flame test for calcium. Furthermore, crystals which were washed 
thoroughly against 0.4 saturated ammonium sulfate containing no calcium 
still contained 0.13 per cent of calcium. In this preparation the molar 
ratio of protein of molecular weight 60,000 to calcium is 2. It would seem 
that crystalline preparations still require calcium for activity, but that it 
is more difficult to remove it from the crystalline enzyme. Lyophilization 
of a solution of crystallized enzyme dissolved in saturated calcium sulfate 
water resulted in almost complete loss of activity. 
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According to Lane and Williams (21), inositol is an active constituent of 
pancreatic a-amylase. They found that the y isomer of hexachlorocyclo- 
hexane acted as an inhibitor and that inositol reversed this inhibition, 
When crystalline malt a-amylase was dissolved in 50 per cent dioxane and 
2 mg. per ml. of a mixture of isomers of hexachlorocyclohexane were added, 
no decrease in activity was observed after 24 hours at 5°. A control con. 
taining dioxane but no hexachlorocyclohexane also lost no activity under 
the same conditions. Qualitative tests for inositol as described by Sal- 
kowski (22) were negative. 


SUMMARY 


Isolation and crystallization of the a-amylase of germinated barley 
(malt) has been described in detail. The procedure consists essentially 
of heating concentrated malt extract, precipitating the remaining protein 
with ammonium sulfate, adsorption of the enzyme from an alcoholic solu- 
tion on wheat starch granules, and crystallization of the eluted enzyme 
from ammonium sulfate. Behavior of the fractions leading to crystalliza- 
tion and some of the properties of the crystalline substance, including 
molecular weight, purity, and ultraviolet absorption spectrum, are reported. 
The kinetics of hydrolysis, the requirement of the enzyme for calcium, 
and the apparent absence of inositol in the enzyme are also discussed. 
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THE EXTRACTION OF FOLIC (PTEROYLGLUTAMIC) ACID 
CONJUGATE FROM YEAST 


By RICHARD D. GREENE 
(From the Division of Development, E. R. Squibb and Sons, New Brunswick) 


(Received for publication, March 9, 1949) 


The conjugate of folic acid (pteroylglutamic acid, vitamin B,) in yeast 
was isolated by Pfiffner ef al. (1) and determined to be pteroylhexaglutamyl 
glutamate (2). Recently this group has published details of the concentra- 
tion of the conjugate (3). The present paper describes a simple method 
for producing a concentration of the conjugate of from 40- to 100-fold by 
differential extraction of columns of yeast with alcohol-water mixtures. 
Further purification was attained by fractional precipitations in 70 per 
cent alcohol at different pH levels. 


EXPERIMENTAL 


Assay Methods--Samples were assayed for “‘potential folic acid” (4) with 
Streptococcus lactis (faecalis) R (5), and Lactobacillus casei, with use of a 
vitamin B, standard.'' The medium for the L. casei assay (6) was supple- 
mented with a folic acid-free, lead-treated solution of yeast extract (7, 8). 
On the basis of the ratio of 1:2.8 between the molecular weights of pteroyl- 
glutamic acid and the conjugate (2), all assay values were expressed in 
terms of the conjugate, in which form the vitamin existed throughout these 
fractionations. 

Conditions for L-rtraction of Conjugate from Yeast—A slurry was made of 
flaked brewers’ yeast with 60 per cent alcohol (formula 3A, 90:10 ethanol- 
methanol was used throughout) and poured into a column. Continued 
percolation with 60 per cent alcohol removed most of the extractives but 
very little conjugate. Following this, the conjugate was extracted by 45 
to 50 per cent alcohol. The extraction of conjugate was improved by add- 
ing to the 45 to 50 per cent alcohol either HCl] to make 0.01 N or NaH.PO, 
tomake 0.1m. The data in Table I show that this type of extraction pro- 
duced excellent yields of conjugate and a high degree of purification. In 
Experiments 3 and 4, 75 to 80 per cent of the conjugate, with about 100- 
fold increase in concentration, was contained in just about the amount of 
extract (1.3 cc. per gm. of yeast) required for complete exchange of the 
liquid in the column. On a larger scale the yields and the extent of con- 


‘Acknowledgment is made to Parke, Davis and Company and to the Lederle 
Laboratories Division, American Cyanamid Company, for vitamin B,. 
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centration were somewhat less, due to difficulty in duplicating the condi. 
tions for ideal percolation attainable with smaller columns. 

In extraction with phosphate solutions, the true degree of concentration 
was somewhat higher than indicated by determination of the total solids, 
due to phosphate in the extract. However, the amount of phosphate in 
the extracts was much less than might have been expected. Although the 
45 per cent alcohol originally contained 0.012 gm. of NaH,PO, per ce., 
calculations from volume and weight data show that (otal solids in the ac- 
tive extracts were only about one-half of this amount. Not until the con- 
jugate was almost completely extracted did phosphate appear in the ex- 
tract in the expected amounts. Therefore the extraction of conjugate was 
accompanied by adsorption of phosphate by the yeast. 

In a larger scale experiment a 250 liter crock with a bottom side-outlet 
was fitted for percolation with a column support of crushed rock and sand 
and 45.4 kilos of flaked brewers’ yeast were added as a slurry with 76 liters 
of 60 per cent alcohol. Percolation with 60 per cent alcohol was main- 
tained until 380 liters of extract had been collected and no liquid remained 
above the yeast. At this point percolation with 50 per cent alcohol con- 
taining 0.01 n HCl was started and the next 38 liters of extract were com- 
bined with the first fraction (Fraction 1, Experiment 5, Table I). The ex- 
tract was collected in three additional fractions. Fraction 2 (38 liters) 
contained very little conjugate, because the solvent was mostly 60 per 
cent alcohol which had remained in the column. Most of the conjugate 
was in Fraction 3 (200 liters), which contained 65 per cent of the activity 
of the yeast. More exhaustive extraction, as indicated by Fraction 4 (100 
liters), did not significantly increase the yield of conjugate. Fractions 3 
and 4 were combined? and concentrated in vacuo to 8 to 10 liters. 

Further Concentration of Conjugate—In further experiments (Table II), 
advantage was taken of the fact that the conjugate is more soluble at pH 
3 than at pH 6 in 70 per cent alcohol. Of the above extract, 7220 cc., 
which were derived from 40 kilos of yeast, contained 1464 mg. of conjugate 
in 1117 gm. of solids. To this solution were added, with stirring, 130 ce. 
of 10 n HCl to adjust the pH to 3.0 and anhydrous denatured alcohol to 
make a volume of 26 liters. The precipitate which was formed, after 
washing with 3 liters of 70 per cent alcohol and drying, weighed 610 gm. 
~ and was relatively inactive (Fraction 1, Experiment 1). The 70 per cent 
alcohol solution was adjusted to pH 6.0 with 102 cc. of 10 nN NaOH. After 
decantation and washing with 70 per cent alcohol the dried active precip- 
itate (Fraction 2) weighed 104.5 gm. and contained 1.156 gm. of conju- 
gate, equivalent to about 50 per cent recovery of that in the yeast. Whea 
refractionated by a similar procedure, 10 gm. of the material yielded 3.8 


* Fraction 4 was combined with Fraction 3 before its low potency was known. 
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* Flaked brewers’ yeast containing 0.059 mg. of conjugate per gm. 


Taste I 
Extraction of Folic Acid Conjugate from Yeast* by Percolation with Alcohol-Water 
Mixtures 
| Extractant Extract 
ment Prac- 
| | | | Additions to | ‘tise [Volume | Total 
No. 
cm. pon ce. gm. mg. 
1 100 3 X 30 | 1000 | 23.0 0.72 
5D 0.01 n HCl 2 920 4.73 
2 100 | 3 xX 30 | & l 1000 23.2 0.76 
5O 0.07 mw NaH.PO, 2 910 4.90 
3 20 3 x & | 60 l 2120 46.6 0.72 
2 250 0.66 0.62 
45 0.1 wm NaH-PO, 3 250 1.7 8.62 
45 4 164 0.92 0.44 
45 5 1340 | 21.6 0.72 
4 400 | 3 & 120) 60 l 4280 | 92.8 1.92 
60-45t 2 580 1.4 | 1.12 
45 0.1 mw NaH.PO, 3 224 1.72 10.4 
45 4 320 7.96 
| 45 6 5 | 9.16 0.14 
| liters 
5 45,400 | 53 x 38 | 60 1 | 418 9489.0 | 326.9 
60-50t 2 38 | 149.8! 16.3 
50 0.01 HCl 3 200 | 749.1 |1679.8 
«50 4 | 150) 408.6) 84.0 
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Taste II 


Concentrate from 40 kilos of yeast (Experi- 


ment 5, Table I) 
70% alcohol ppt., pH 3.0 
70% “ 60 


70% “ filtrate, pH 6.0 


Fraction 2, Experiment 1 
70% alcohol ppt., pH 3.0 
70% “ “ 55 


70% j$“ filtrate, pH 5.5 


t The fraction contains 60 per cent alcohol from the column. 


Effect of pH in Fractionation of Folic Acid Conjugate in 70 Per Cent Alcohol 


Total solids 
gm. mg. 
1117 1464 
610 207.5 
104.5 1156 
520 62.7 
10.0 110.6 
1.3 7.6 
3.95 89.3 
4.8 13.2 
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gm. of a precipitate which was about twice as potent and contained 22 
per cent conjugate. This represents a concentration from yeast of nearly 
400-fold with an over-all yield of 40 per cent. 
SUMMARY 
Folic acid conjugate was concentrated by percolating yeast in a column 


with alcohol-water mixtures. Extractives which contained little activity — 
were largely removed with 60 per cent alcohol. The conjugate was then — 


extracted with slightly acidic 45 to 50 per cent alcohol. Such extracts 
contained up to 6 mg. of conjugate per gm. of solids, or about 100 times 
the content in yeast. Further concentration was obtained by removal 
of inactive solids from 70 per cent alcoholic solution at pI 3, followed by 
precipitation of an active fraction at pH 5.5 to 6.0. By these methods a 
concentration of conjugate of 22 mg. per gm. of solids was reached. 


Acknowledgment is made to Frances M. Phillips and Abraham J. 
Brook for technical assistance in this work. 
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THE INFLUENCE OF DIET ON THE RIBOFLAVIN CON- 
TENT AND THE ABILITY OF RAT LIVER SLICES TO 
DESTROY THE CARCINOGEN N,N-DIMETHYL-p-AMINOAZO- 
BENZENE* 


By C. J. KENSLERt 


(From the Department of Pharmacology, Cornell University Medical College, 
New York City) 


(Received for publication, March 9, 1949) 


The production of liver tumors in the rat by the oral administration of 
N,N-dimethy]-p-aminoazobenzene \17MB) is markedly influenced by diet. 
Our early work (1, 2) showed that the maintenance of normal hepatic ribo- 
flavin levels was of importance in protecting rats against tumor forma- 
tion. The work of Griffin and Baumann (3) and Miller, Miller, Kline, 
and Rusch (4) has emphasized the relationship between hepatic riboflavin 
levels and the carcinogenic action of DMB and related compounds. Ribo- 
flavin supplements are not effective in maintaining hepatic riboflavin 
levels or preventing tumor formation in the absence of adequate protein 
intake (2). 

In a study (5) from this laboratory of the effect of diet on the ability of rat 
liver slices to destroy DMB it was found that the maintenance of rats on 
a brown rice-carrot diet, which favors tumor production by DMB (6, 7), 
decreased this activity of rat liver. It was also observed that the addition 
| | of protective supplements such as dried brewers’ yeast or riboflavin and 
casein prevented this decrease. Measurement of the riboflavin content of 
the livers of rats on these diets indicated that, as the riboflavin level fell, 
the ability to destroy DMB also decreased. 

The use of brown rice diets in the preceding study (5), while suggesting 
that the changes observed were due to inadequate riboflavin and protein 
intake, made it necessary to rule out the presence of a “toxic” factor in 
the rice as the responsible agent. For this reason, and for the purpose of 
controlling the intake of other dietary constituents, the experiments have 
been repeated with diets which did not contain rice or carrot. As the 
Wisconsin group (8, 9) have published extensively on the effect of casein- 
dextrose diets on the carcinogenic action of DMB, the diets selected were 
modeled on the ones investigated by that group. 


* This work has been supported by a grant from the American Cancer Society. 
t Fellow of the Committee on Growth of the National Research Council. 


The author gratefully acknowledges the technical assistance of Mrs. Edith Shapiro 
and Miss Gloria Hirsch 
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Methods 
The destruction of DMB by liver slices was measured as described jn 


our earlier report (5) and depended on the recovery and spectrophoto. | 
metric estimation of the DMB that was not destroyed. 100 y of DMB 
were incubated with 150 mg. of liver slices in all experiments. Under the _ 


conditions of these experiments the destruction of DMB was proportional 


to the period of incubation. The recovery of added DMB at zero time | 


was good, 90 to 95 per cent. 

The basic diets used were of the casein-dextrose type described by 
Miller (9) for medium tumor incidence. All vitamin supplements, except 
those varied in the different experiments, were administered as specified 


(9). Halibut liver oil was omitted in view of the short time involved. In | 
the 4 per cent protein diet the dextrose was increased to 87 per cent of the | 


diet. The diets were fed ad libitum. 

The rats used were of the Wistar strain, weighing between 100 and 10 
gm. at the start of the experiment. Similar results have been obtained with 
Sherman strain rats obtained from the Rockland Farms (but are not in- 
cluded in this paper). 

The riboflavin was measured by a modification of the fluorometric method 
of Hodson and Norris (10). 


Results 


The data obtained on hepatic riboflavin levels and the destruction of 
DMB by liver slices from rats maintained on various diets are shown in 
Table I. It can be seen that, as the riboflavin content of the diet was 
reduced, the riboflavin level in the liver and the in vitro destruction of DMB 
both decreased (Diets 1, 2,3, and 4). In marked contrast, when thiamine 
(Diet 5) or choline (Diet 6) was omitted from the dict, there was no change 
in DMB destruction, and the hepatic riboflavin level was in the normal 
range, although in the absence of thiamine these values were slightly higher 
and in the absence of choline slightly lower than the controls. The failure 
of the omission from the diet of thiamine or choline to affect the ability d 
rat liver to destroy DMB thus supports the observation made when brow 
rice diets were used that a riboflavin-containing component of hepatic cells 
is either primarily or secondarily involved in the destruction of DMB. 

The riboflavin level in the liver of rats is lowered also when the protei 
content of the diet is reduced (11, 12). As is shown in Table I (Diets/ 
and 8), when the protein content of the diet used was reduced from 12 to 
4 per cent, both the riboflavin level and the ability of liver to destroy DMB 
were decreased. ‘Thus the protein level of the diet as well as its riboflavm 
content has been found to be of importance in maintaining hepatic ribo 
flavin levels and high activity with respect to DMB destruction. 
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Biotin has been reported (13, 14) to increase tumor incidence when cer- 
tain partially protective diets were used and adenine has been reported (15) 
to increase liver damage associated with DMB administration. The addi- 
tion of adenine (Diet 9) and biotin (Diet 10) to the basal diet was without 
effect on riboflavin level or DMB destruction. 


TaBLe I 


Riboflavin Content and Destruction of DMB by Liver Slices from Rats Fed 
Casein-Dertrose Base Diets for 14 to 20 Days 


DMB destruc- 


Riboflavin per tion by 150 mg. 
Diet | No. of __ liver (wet weight) liver slices in 
No. | rats 60 min. 
| Range Average Range Average 
1 | 12% protein, 0.01 gm. vitamin B,* 16 | 16.2-25.0 21.5 40-69) 53.0 
per kilo | | | 
2 | 12% protein, 0.001 gm. vitamin B,* 10 | 16.2-22.8 18.7 20-63) 37.5 
per kilo | | 
3 | 12% protein, 0.0005 gm. vitamin B," 11 | 12.3-18.8 | 16.0 | 20-29) 25.7 
per kilo 


4 | 12% protein, no added vitamin B, ll 10.7-14.4 13.0 20-33) 25.4 
§ 112% “ 0.01 gm. vitamin B; per) 10 = 21.8-25.2 | 22.8 47-75) 58.9 


kilo, no thiamine 
6 | 12% protein, 0.01 gm. vitamin B, per; 11 | 13.3-25.0 19.7 45-68) 57.5 
kilo, no choline 
7 | 4% protein, 0.01 gm. vitamin B; per; 9 | 11.0-21.8 | 16.5 | 20-49) 34.7 
kilo 
8 | 4% protein, 0.001 gm. vitamin Bz per 10 9.2-19.4 | 14.0 19-40) 31.5 
kilo 
9 | 12% protein, 0.01 gm. vitamin B; per 5 | 21.0-25.2 | 22.3 | 51-71) 62.4 
kilo, 0.1% adenine 
10 | 12% protein, 0.01 gm. vitamin B; per) 6 | 19.2-23.2 | 20.8 48-55) 51.7 
kilo, + 0.002 gm. biotin per kilo | | | | 
ll 12% protein, 0.01 gm. vitamin B, per 9 | 16.4-22.4 18.3 18-48) 26.1 
kilo, 0.060% DMB | 


12 12% protein, 0.001 gm. vitamin B, per 10 —-11.0-14.8 | 12.2 | 12-26) 18.4 
| kilo, 0.06% DMB | | 


#838} 


The relationship between the riboflavin level in the liver and the ability 
todestroy DMB is shown more clearly in Fig. 1. Rats fed Diets 1 through 
8, Table I, have been plotted. The data show that the decrease in the 
ability to destroy DMB is most marked as the riboflavin content falls from 
22 to 15 y per gm. of liver tissue. Rats maintained on a ration of dog chow 
usually have between 25 and 30 y of riboflavin per gm. of liver tissue but 
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the destruction of DMB is not much greater than for livers containing 22 
to 25 y per gm. Conversely it has been found that rats maintained ona 
brown rice-carrot diet for periods of 80 to 100 days containing 8 to 10 y 


of riboflavin per gm. of liver destroyed only slightly less DMB than the , 
livers containing 12 to 15 y per gm. Thus the striking drop in the ability 
to destroy DMB occurs to a large extent as the riboflavin content is de , 
80- ; 
e 

50- 

40 - 
30: tel, 
nat 
10- 
INDIVIDUAL RATS ON DIETS to 8 TABLE I 

0 @-@* AVERAGES (10-11.9, 12-13.9, 14-15.9, etc.) tras 
5 10 15 20 25 itv 
mer 


yigm RIBOFLAVIN PER GRAM LIVER (WET WEIGHT) 


Fic. 1. Relationship between the riboflavin content and destruction of DMB by 
liver slices from rats fed casein-dextrose base diets for 14 to 20 days. The solid poinw 1. 
connected by the dotted line represent the average values for each 2 y range d min 
riboflavin level; #.¢., the point at 15 y per gm. includes all animals containing frow 
14.0 to 15.9 y per gm. of liver. 


carc} 
creased from 22 to 15 y per gm. and the curve flattens out at both hig | 2 
and low riboflavin levels. eithe 
slices 

3. 


The results presented in the preceding paragraphs were obtained without 
the inclusion of the carcinogen DMB in the diet. The inclusion of DMB 
in diets of the brown rice type was shown to depress the riboflavin levé and 
more than the diet alone (1). ‘This observation has been extended to otht | 4 
diets and azo compounds by Griffin and Baumann (3). As is shown i | "bofi 
Table I, the inclusion of 0.06 per cent DMB in the 0.001 and 0.0001 pe 
cent riboflavin diets (Diets 11 and 12) decreases both the riboflavin lev l. Ke 
and the ability of slices of the liver to destroy DMB, more than the d# | 2 x, 
alone. 
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DISCUSSION 


The data presented extend the observation (5) originally made on rats 
maintained on brown rice diets that the rate of destruction of the hepato- 
carcinogen DMB by rat liver slices is related to their riboflavin content. 
Although the metabolism of DMB in vivo is not completely worked out, 
it involves a complex series of reactions leading to cleavage of the azo 
linkage (16), demethylation of the amino group (16, 17), oxidation of the 
p’ position (16, 17), the accumulation of an unknown but colored deriva- 
tive in the liver (18), as well as the excretion of the metabolites in conju- 
gated form (16, 17). As neither the end-products nor the intermediary 
products of the destruction of DMB by liver slices have been identified, 
it is difficult to assess the significance of the apparent correlation between 
riboflavin content and DMB destruction. However, it appears likely that 
the azo linkage is the grouping attacked in the slice experiments, as the 
destruction of p-aminoazobenzene is also decreased by diets lowering the 
riboflavin content of the liver (5). 

Mueller and Miller (18) have recently reported that diphosphopyridine 
nucleotide (DPN) is involved in the destruction of DMB in liver homoge- 
nates. This has also been observed in our laboratory. Measurement of 
DPN content (1, 19) of the livers of rats fed high and low tumor incidence 
diets of the brown rice type showed that the DPN level was depressed by 
the administration of DMB in the diet but not by the diet alone, in con- 
trast to the variation of riboflavin levels as a function of these diets. Thus 
it would appear that DPN is not a limiting factor in the liver slice experi- 
ments reported in this paper. 


SUMMARY 


1. The limitation of the riboflavin or protein intake but not the thia- 
mine or choline intake has been found to reduce both the riboflavin con- 
centration in rat liver and the ability of rat liver slices to destroy the liver 
carcinogen N,N-dimethyl-p-aminoazobenzene. 

2. The addition of biotin or adenine to the diet was without effect on 
either the riboflavin level or the destruction of the carcinogen by liver 
slices. 

3. Data showing the relationship between the riboflavin level in the liver 
and the ability to destroy the carcinogen are presented. 

4. The inclusion of the carcinogen in the diet further reduced the hepatic 
niboflavin level and the ability of liver slices to destroy it. 
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MEASUREMENT OF OXYGEN UPTAKE UNDER CONTROLLED 
PRESSURES OF CARBON DIOXIDE 


By ARTHUR B. PARDEE* 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, February 21, 1949) 


Aerobic experiments with the Warburg technique are carried out es- 
sentially in the absence of CO, because alkali in the center well removes 
CO, as it is produced (1, 2). Various methods have been devised to cor- 
rect for this shortcoming, but these methods are cumbersome, requiring 
two flasks or special apparatus (3). This paper presents a method of 
measuring oxygen uptake at a constant CO, pressure. A suitable solu- 
tion in the center well maintains a chosen concentration of CO, in the 
flask analogous to the manner in which a buffer holds pH constant. The 
solution contains diethanolamine (2 ,2’-iminodiethanol), HCl, and KHCO; 
in amounts that are varied to give the desired CO, concentration. The 
solutions equilibrate sufficiently rapidly and have a large enough capacity 
under the usual experimental conditions in a Warburg flask of the con- 
ventional type, under CO, up to 3 volumes per cent of the gas. Robbie 
(4) has used a similar principle to maintain constant HCN in the War- 


burg flask. Warburg (5) was the first to apply a modification of this 
principle (see ‘‘Discussion”’). 


EXPERIMENTAL 
Methods 


All experiments were performed at 38° with a Warburg apparatus 
shaken at 230 strokes per minute of 2.5 cm. length. The flasks were 
conical, of 12 to 16 ml. volume, containing 3.0 ml. of liquid in the main 
part of the flask, and with center wells 15 mm. high by 8 mm. inside 
diameter, containing 0.6 ml. of solution unless otherwise noted. The lip 
of the center well was greased to prevent creeping, and two pieces of What- 
man No. 42 filter paper, each 22 by 40 mm., one rolled into a cylinder and 
the other folded in accordion fashion (4), were placed in the center well 
in such a manner that they projécted about 7 mm. The folded paper 
was used alone in one experiment and the results indicated it to be equally 
satisfactory below about 1 per cent COs. 


Center Well Solutions—Technical grade (Eastman) diethanolamine was 
* Merck Postdoctoral Fellow in the Natural Sciences under the National Research 
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used after it was diluted to 60 per cent by volume with water and 
warmed with a little charcoal to remove most of the color and odor. The 
per cent CO, in equilibrium with solutions containing 10 ml. of 60 per 
cent diethanolamine, various amounts of 6 N HCl, water to make 15 ml, 
and 3.0 gm. of powdered KHCO, is given in Fig. 1. Less KHCO; is used 
to obtain lower pressures. The KHCO; dissolves in 1 to 2 hours at room 
temperature with occasional shaking. Solutions were allowed to stand 


at least overnight before use. They are stable and solution enough for 
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Fic. 1. Dependence of CO, on composition of center well solution. For a descrip 
tion, see the text. 

Fia. 2. Rate of uptake of released CO;. 320 ul. of CO, were released at 43 minutes. 
@, NaOH; O, 0.7 per cent CO;; @, 1.5 per cent CO,; ©, 3 per cent COs (Dicken 
Simer flasks). The points are averages of duplicate experiments. 


many experiments can be made at one time if kept in stoppered bottles 
Experiments by Mr. Erich Hirschberg showed that at 19° and 27° th 
equilibrium pressures were one-fourth and one-half as great, respectively, 
as at 38°. Perhaps triethanolamine would be superior at these temper 
tures. 

Determination of CO: Concentration—To determine the equilibriw 
concentration of CO,, a solution in the center well was shaken on th 
Warburg apparatus with a solution containing a drop of 0.1 per cet 
phenol red plus a concentration of K:CO, such that the pH at equilibrium 
lay in the range of the indicator (6). The per cent CO, in the gas wa 
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obtained from the pH estimated visually and the bicarbonate concen- 
tration (1 HCO; ion for each K* ion or 2 times the concentration of 
K,CO;) by means of the equation (3), per cent CO. = 6.2 & 10° (H*) 
(HCO;-). This procedure was found to be in error by less than 20 per 
cent, or 0.1 pH unit, when checked by measuring the increase in pressure 
when excess HC] was dumped from the side arm into a K:COs; solution 
and then comparing with the per cent CO, calculated from the pH of an 
indicator-carbonate solution in the center well. 1 per cent CO, is equal 
to 100 mm. of manometer fluid (Brodie’s solution). 

Rate and Final Equilibrium—In the experiments shown in Fig. 2, flasks 
containing 2.7 ml. of 5 X 10 Mm KHCOs, 0.3 ml. of 0.5 n HCl in the side 
arm, and 0.6 ml. of diethanolamine solution in the center well were shaken 
for 43 minutes; then the acid was tipped into the KHCOs,, releasing CO, 
(7). The CO, concentrations at equilibrium were measured in separate 
flasks. 

For comparison, the diethanolamine solution was replaced by 0.2 ml. 
of 2N NaOH plus a piece of 15 by 25 mm. filter paper. This set-up may 
not be optimum, but is the one used in this laboratory. Since CQ, will 
diffuse into the alkali from bicarbonate, 0.1 ml. of 0.5 nN NaOH was added 
to the bicarbonate, and the acid was dumped at 13 minutes; however, 
the data are plotted with the others for better comparison. 

Flasks with empty center wells were used to measure the amount of 
| CO; released. In these flasks, also, NaOH was added to the bicarbonate. 
The data obtained are not shown; the CO, pressure had risen to the equi- 
librium level of about 300 mm. before the next reading was made. 

Initial equilibrium was not attained in the first 10 minutes at the higher 
concentrations, but this can be obviated by exhaling through a pipette 
into each flask a moment before it is put on, so that CO, will be present 
in the gas phase initially. The rates of return to equilibrium were simi- 
lar to the rate of absorption by NaOH. A better test is given by the 
homogenate experiments described below. Final equilibrium was at- 
tained within the error to be expected of Warburg measurements. As 
the pressure of CO, or the total amount absorbed is increased, the error 4 
will increase, so that 1.5 per cent CO, seems to be an upper limit for this | 
method, though an arbitrary correction can be made if the rate of uptake 
is adequate. 

It is probable that only a small part of the solution in the center well 
comes to equilibrium with the gas phase, as shown by the superior equili- 
bration by Dickens-Simer flasks (3), even at 3 per cent CO:, with 1 ml. 
of solution and three glass or metal beads in the large center well. 

Comparison by Means of Homogenate System—Fig. 3 is a plot of rate 
of oxygen uptake (calculated as if CO, were absent) against time when 
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essentially the oxalacetic oxidase system (8), to which approximately 
equilibrium amounts of KHCO,; were added, was used. Two solutions 
in the center well are compared with NaOH and with nothing in the 
center well; the difference between the two determinations is a measure 
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Fic. 3. Oxygen uptake at 0,0.5, and 1.0 per cent COg. The flasks contained (final 
concentrations) 0.0067 um K phosphate, 0.067 m KCI, 1.3 X 10-5 m cytochrome c, 0.003 
m MgCle, 0.001 m K adenosine triphosphate, 0.0018 m K pyruvate, 0.0018 m K oxal- F 
acetate, variable KHCQOs, and 0.3 ml. of 10 per cent rat kidney homogenate in is | tions 
tonic KCl, in a volume of 3.0 ml. at initial pH 7.1. The points are averages of dupl- | Ky 
cate experiments. @, no KHCO,;, NaOH in center well; O, 107? m KHCO,, 0.5 per | initis 
cent CO;; ©, 2 X wm KHCOs, 1.0 per cent @, no KHCOs,, nothing in cente’ | 
well. are 

Fig. 4. Maximum rates of oxygen uptake at zero and 1.5 per cent CO,. Condition 
as in Fig. 3 with variable amounts of homogenate. The points are averages of dupli- tions 
cate experiments. Flasks with 1.5 per cent CO, contained 2 X 107? m KHCOQ,. @, the 
NaOH; @, 1.5 per cent COs. 


pre 
of the CO. which the solution in the center well must absorb. This pte 
volume appears to be 75 per cent of the oxygen uptake. The uptake mg 

In 


the presence of CO, was the same as in its absence, showing that the 
evolved CO, was efficiently absorbed, though possibly CO, stimulate | ™2u 
the reaction enough to compensate for incomplete CO, uptake. b 
Fig. 4, maximum rates for this system with various amounts of homo: 
enate are compared at 0 and 1.5 per cent CO,. The rates lie together throu 
within experimental error up to at least 70 wl. per 10 minutes, showing lotall 
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that the mixture in the center well absorbed 50 ul. per 10 minutes of CO, 
efficiently. 

Higher CO,—If CO, above 1.5 per cent is desired, it is necessary to 
start with CO, in the gas phase to eliminate the otherwise long equilibra- 
tion period. This CO, can be introduced either by gassing by a conven- 
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Fic. 5. Oxygen uptake at 2 and 3 per cent COs. Effect of gassing. The condi- 
tions are as in Fig. 3 with 0.25 ml. of 10 per cent rat kidney homogenate in isotonic 
KCl per flask. @, NaOH; O, 2 per cent CO;, 4 X 10-? m KHCO, in solution, CO: 
initially introduced into flasks; @, 3 per cent COz, 6 X 10-* m KHCO,; @, 3 per cent 
CO:,6 X 10-? a KHCO, in solution, CO; initially introduced into flasks. The points 
are averages of duplicate determinations. 


tional method (3), or by exhaling into each flask through a pipette until 
the CO. content has a composition similar to that of the breath. Fig. 
) presents a comparison of rate of oxygen uptake with NaOH in the cen- 
ter cup and center well mixtures giving 2 per cent and 3 percent CO,. In 
the flasks not gassed the initial equilibration took about an hour; ex- 
haling into the flask or gassing (same results) reduced this time to 30 
minutes at 3 per cent CO,. The contents of the Dickens-Simer flasks 
were equilibrated in 20 minutes after gassing. The flasks containing 2 
per cent CO, were in close agreement with those containing NaOH 


throughout the experiment. An experiment with 5 per cent CO, was 
totally unsuccessful. 
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DISCUSSION 


The level of CO, usually used is 5 per cent (3), 3 times the concentration 
attainable by the technique described in this paper, but this limitation 
has nat been shown to be significant for any experiment (1, 2). By im. 
proving the design of the center well, giving it a greater area and better 
mixing, about 3 per cent CO, can probably be used, when there is a pr. 
liminary gassing of the flask. A center well presenting a greater area to 
the gas phase is better because the rate of absorption is proportional to 
the area (9). It is advantageous to have as large a rate of absorption a 
possible, so that initial equilibrium is set up rapidly. Dixon and Elliot 
(7) showed that the CO, pressure in the flask must be higher than th 
equilibrium pressure over the center well (taken as zero in their case) by 
an amount equal to the rate of CO, output divided by the constant o 
rate of absorption. This excess pressure can be calculated (from Fig. 2) 
to be 12 to 17 mm. of manometer fluid at a rate of CO, output of 50 gl 
per 10 minutes. As the rate of reaction decreases with time, the 00, 
pressure drops and this is erroneously measured as oxygen uptake. This 
error, like the error of opposite sign which results from increased equilib- 
rium pressure due to change in composition of the center well solution, 
appears gradually during the reaction. It is not large under the cond:- 
tions described in this paper and can be decreased by increasing the rate 
of absorption. Another advantage of a large center well is that it can 
hold a greater effective volume of solution, which leads to smaller changes 
of composition on absorbing a given amount of CO», and hence a smaller 
change in equilibrium pressure. 

Diethanolamine is an inexpensive, non-toxic material used industrially 
for removing CO, from gas mixtures. It appears from its dissociatia 
curves to be an excellent material for obtaining concentrations of seven 
per cent CO,. The reactions probably involve carbamate formation, 
go in two or more steps, and require two amines per CO, molecule. Vi 
cosity at higher concentrations decreases the rate of reaction, which # 
optimum at 3 mM under certain conditions (10, 11). 

For pressures above 3 per cent, diethanolamine will probably have t 
be replaced by another compound because its capacity and, more @ 
portant, its rate of reaction with CO, decreases with increasing equilib 
rium pressures (10, 11). Other solutions were tried in the center wel 
and all were found to be inferior, including bicarbonate and KOH wit 
borate plus bromine or carbonic anhydrase as catalysts (12), glycine whid 
reacts rapidly to form a carbamate (13), glycine plus borate, triethand 
amine (10), nembutal, and carbonate. 

Warburg (5) studied O, pressure changes during photosynthesis ly 
algae under constant CO:, with carbonate-bicarbonate solutions in whid 
the algae were suspended. The CO; pressure was quite constant und 
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his conditions, but as discussed by Warburg, the method has limitations. 
The pH of the solutions in which the reactive material is suspended is 
determined by the CO, pressure, sometimes in an undesirable range. The 
yolume of solution must be large in order for the salt concentration to 
be in a physiological range and yet buffer satisfactorily, and the CO, 

must be low; for instance, the highest concentration of CO, 
used was 0.27 per cent obtained with 10 ml. of solution at pH 9.2 contain- 
ing 0.015 m Na,CO; and 0.085 m NaHCO;. The rate of equilibration 
may not be adequate in a system which gives off CO:. 

We have not searched the literature for systems in which CO, is im- 
portant. Warren (1) and Laser (2) list a number of references indicating 
that CO, aids the functioning of tissue preparations. Certain micro- 
organisms require CO:, and this technique (14) might be used in studies 
on photosynthesis and fixation of CO, in plants and animals. An ad- 
vantage of the technique is that the pH is held more constant, which is 
useful when low buffer concentrations are used. The method is no more 
difficult to use than the conventional one with alkali and one shortcoming 
of the aerobic Warburg technique is avoided. 


SUMMARY 


A method is described for measuring oxygen uptake in the presence of 
a constant CO, concentration up to 3 per cent. Aqueous solutions of 
diethanolamine plus HC] and KHCO; in the center well of the Warburg 
flask act as a “‘buffer’’ to hold the CO, constant. The method was tested 
by measuring CO, released by acid and by a homogenate system. 


I wish to thank Dr. Van R. Potter and Mr. Erich Hirschberg for their 
interest in the problem and for several valuable suggestions. 
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INVESTIGATIONS ON THE NUTRITION OF LACTOBACILLUS 
LACTIS DORNER* 


By LEAH K. KODITSCHEK, DAVID HENDLIN, ano H. BOYD WOODRUFF 
(From the Research Laboratories, Merck and Company, Inc., Rahway, New Jersey) 


(Received for publication, March 9, 1949) 


Shorb recently reported an unidentified growth factor, LLD, which is 
required by Lactobacillus lactis Dorner. A liver extract preparation was 
established as an arbitrary standard and was assigned a potency value of 
1000 LLD units per mg. (1). With the aid of a microbiological assay, with 
use of L. lactis, a crystalline material was isolated from liver extract and 
named vitamin By (2, 3). The LLD growth factor activity in certain 
complex materials is accounted for, at least in part, by the vitamin By con- 
tent of these materials. Pure vitamin By has activity as a growth-pro- 
moting factor for L. lactis equivalent to 11,000 LLD units per microgram. 
Vitamin By, also is active in the treatment of pernicious anemia and has 
growth-promoting activity for chicks fed diets deficient in animal proteins 
(4, 5). 

Efforts to utilize L. lactis Dorner for assay of the LLD growth factor in 
this laboratory have met with some difficulty. Considerable variation was 
found in the response of L. lactis Dorner to standard solutions of crystal- 
line vitamin B,. or concentrates rich in the LLD growth factor. Heavy 
growth frequently occurred in control tubes which contained no added 
LLD factor. Preliminary experiments on size of inoculum, pH of medium, 
temperature, length of incubation, and other known variants indicated 
that basic environmental factors were not controlled and may be respon- 
sible for the variations in response. Experiments showed that the rela- 
tive oxygen and carbon dioxide tension of the environment profoundly 
affected the growth of this organism and its requirement for the LLD 
growth factor, supplied either by liver concentrate or by crystalline vita- 
min By». 

A requirement for CQO, and its utilization by many microorganisms has 
been established (6). However, the effect on microorganisms of varying 
Q, tension, the oxidation-reduction potential of the medium, and the rela- 
tionship of oxidizing and reducing agents to these factors are subjects of 
considerable controversy. 

Ever since the Pasteur effect was demonstrated (7), investigators have 
attempted to define the mechanism of the inhibition of metabolic activi- 

*Presented at the Theobald Smith Society, New Jersey section of the Society of 
American Bacteriologists, January 25, 1949. 
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ties of anaerobes by oxygen. McLeod and Gordon (8) suggested that the 
inhibition noted was caused by the toxic effect of peroxides, which accu. 
mulated under aerobic conditions in the absence of catalase. This view 
was substantiated by Avery and Morgan (9), who demonstrated that 
peroxide was formed in aerobic cultures of Pneumococcus and showed that 
the addition of plant juices to such cultures destroyed the peroxide and 
resulted in good growth of their cultures. They also concluded that the 
production of catalase was the natural protective device of aerobic organ. 
isms which anaerobes lacked. This conclusion has since been contested 
by many workers who found that anaerobic organisms will grow in contact 
with air in the presence of aerobic cultures, even those known to be catalase. 
negative, or in the presence of respiring potato (10), or following the addi- 
tion of reducing agents to the medium (11, 12). Further exception to 
McLeod’s theory has been presented by Sherman (13), who reported that 
some obligate anaerobes do produce catalase. The inability of catalase 
to stimulate many anaerobes (14) is a fact which McLeod has noted him- 
self (8). 

At present it is not clear whether the phenomena identified by these 
workers are applicable to a particular organism or whether the data found 
in the literature can be correlated into a comprehensive understanding of 
basic factors which govern the metabolism of aerobes and anaerobes. 
Since the lactobacilli are microaerophilic and demonstrate an adaptable 
mechanism which would lend itself to wide investigation of these factors, 
it is rather surprising that they have not been utilized more frequently 
for such investigation.' 

In view of preliminary results relating growth of L. lactis Dorner to 0; 
and CO; tension, it was hoped that investigations into the effects of varied 
concentration of these gases and related factors might yield interesting 
data on the limiting conditions for the growth of the organism. 


EXPERIMENTAL 


Medium—An amino acid basal medium, prepared according to Stokes 
et al. (15), was supplemented with 2 mg. per ml. of H,SO, casein hydrolysate 
and 0.4 mg. per ml. of tomato juice eluate or its equivalent* per double 

medium. 

Inoculum—L. lactis Dorner, strain 6a,? was carried in stabs containing ! 


1 Callow did use Streptococcus acidi lactici (Streptococcus lactis) for some of bet 
work (14). 

* Tomato juice eluate preparations were kindly supplied by Dr. T. R. Wood 
These preparations varied somewhat in TJ factor potency and LLD factor contest. 
A particular preparation was useful only if the concentration required to give mati 
mum growth in the presence of LLD factor did not itself stimulate a titer of mor 
than 2 ml. in the absence of LLD factor. 

* This organism was obtained from Dr. Shorb. 
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per cent dextrose, 1 per cent yeast extract, 0.5 per cent Salts A-B,‘* and 
1.5 per cent agar, supplemented with 0.2 mg. per ml. of tomato juice eluate 
or its equivalent. A 20 to 24 hour transfer from a stab to liquid medium, 
similar to the above except for the absence of agar, was used for the inocu- 
lum. The broth culture was washed twice with sterile distilled water and 
resuspended in 10 ml. of sterile distilled water. 1 ml. of this suspension 
was diluted further in sterile distilled water to give a reading of 95 on the 
galvanometer of the Evelyn photoelectric colorimeter fitted with a 520 mz 
filter. Stab transfers were made from the broth every 2 weeks and were 
stored in the cold room. It was found that stabs kept in the cold room 
more than 2 weeks occasionally failed to give good growth on transfer. 

Procedure—Unless otherwise indicated, the experiments were conducted 
in Pyrex test-tubes 22 mm. X 180 mm. (these will be referred to as assay 
tubes), containing a total volume of 10 ml., obtained by diluting 
the sample being tested in 5 ml. of water and adding 5 ml. of 
double strength medium. Assay tubes were inoculated with 1 drop of 
the standardized suspension of L. lactis Dorner. Although other pro- 
cedures were adapted to the nature of the experiments and will be described 
in other sections, assay tube controls, incubated under normal oxygen ten- 
sion, were included in all experiments. All cultures were incubated at 37°. 
Readings were made after 3 days incubation and represent the number of 
ml. of approximately 0.1 nN NaOH required to neutralize 10 ml. of the 
incubated medium. Averages from duplicate cultures are reported. 

Throughout this paper the term LLD factor refers to the specific 
growth-promoting properties of liver concentrate or crystalline vitamin 
By for L. lactis, when grown under the above conditions. 


Experiments on Effect of Environmental Gas Tension 


In these experiments, the standard procedure, outlined above, was 
varied in the following manner. Shallow layer cultures (10 ml. in 125 ml. 
flasks) were incubated in 8 liter desiccators in the presence and in the ab- 
sence of CO,. The desiccators were evacuated and flushed three times 
with the desired gas and then a measured volume of the gas was intro- 
duced by displacement of water from a 10 liter reservoir bottle; so that the 
desiccator was filled just short of atmospheric pressure, to allow for expan- 
sion in the incubator and to insure against a break in the desiccator seal. 
Alkali was used to absorb CO, present as a contaminant in the gas or pro- 
duced by L. lactis. The LLD growth factor was supplied by a liver ex- 
tract, found to contain 100 LLD units per mg. (1). 

The results shown in Table I indicate that L. lactis cannot grow in the 

‘Salts A, stock solution, 25 gm. of K:HPQ,, 25 gm. of KH:PQ,, water to 250 ml.; 


Salts B, stock solution, 10 gm. of MgSO,-7H:0, 0.5 gm. of NaCl, 0.5 gm. of 
F80,-7HO, 0.5 gm. of MnSO,-4H.0, 0.5 ml. of 12 n HCl, water to 250 ml. 
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absence of CO., even when the LLD growth factor is supplied. Maximum 
growth of this organism occurred in 100 per cent CO., even when liver ex- 
tract, as a source of LLD growth factor, was absent from the medium. 
Lower concentrations of CO, mixed with nitrogen, producing anaerobic 
conditions (5 per cent CO, in this experiment, 2.5 and 1 per cent in other 
experiments), likewise permitted maximum growth of the organism in 
basal medium. However, growth failed to take place in the absence of 
the LLD growth factor, even under high CO, tension, when air was 
present. It was therefore concluded that, although CO, is essential to the 
growth of the organism, it is not related to the LLD growth factor require- 
ment. The presence or absence of air does affect the requirement for 
this factor. 

To investigate further the relationship between the LLD growth fae- 
tor requirement of L. lactis and the degree of aeration, the response of the 


Taste I 
Effect of CO: on Growth of L. lactis 
The values are acid (in 10~* gm. sana produced in 10 ml. in 3 days. 


Air + 95 per cent yy 


Nature of medium Air + NaOH per cent 
Basal | Shallow layer culture | 1.2] 1.4 | 10.6 | 0.9 1.7 | 10.2 
| Assay tube 1.6 
Basal + | Shallow layer culture 29° 3.0 | 106 | 0.9 10.3 | 10.4 
LLD* | Assay tube 10.6 | 


* The LLD growth factor content of the medium = 0.01 mg. per ml. of a res 
extract which contained 100 LLD units per mg. 


organism to given concentrations of the LLD factor in cultures of varying 
depth was determined. The LLD factor was supplied by liver extract and 
by vitamin By in separate experiments. Fig. 1 demonstrates that i 
creased aeration decreases the growth response of the organism to a given 
concentration of vitamin By. There is an inverse relationship between 
the amount of LLD growth factor necessary to allow half maximum 
growth of L. lactis and the depth of the culture. 


Oxidation-Reduction Potentials 


An attempt was made to define the antagonism between the inhibitory 
effect of aeration and the growth-promoting activity of the LLD growth 
factor, supplied as crystalline vitamin By, in terms of oxidation-redue 
tion potentials. The oxidation-reduction potentials of cultures were de 
termined under conditions of varying oxygen tension in the presence and 
absence of the LLD growth factor. Platinum wire and saturated cale 
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mel electrodes were inserted directly into the solution or connected with 
an agar salt bridge and the observed potential recorded in millivolts. The 
platinum wire was rinsed in aqua regia, washed with distilled water, and 
heated to red heat before use. Electrodes were tested in buffered quin- 
hydrone solution (pH 4.5 to 4.6) before and after each experiment. 
Preliminary measurements on uninoculated medium demonstrated 
that standardization of procedure was difficult and many variables 
inherent in these measurements were not controlled. The system was 
poorly poised and freshly cleaned electrodes, which gave identical 
readings in quinhydrone solution, gave substantially different readings in 
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culture medium. “Inertia” of electrodes, probably due to polarization, 
was frequently noted after continuous immersion for several hours. 
Measurements on inoculated cultures revealed additional sources of varia- 
tion. A layer containing limited cell numbers, near the surface of deep 
stationary cultures, resulted in non-uniform potential conditions at various 
depths. In shaken or continuously bubbled cultures, air bubbles caused 
dificulty. Consequently, it was concluded that the significance of the 
measured values for individual readings was questionable and only the 
trend of a series of readings could be credited with validity. 

Measurements on uninoculated medium demonstrated that the oxida- 
tion-reduction potential increases with a decrease in pH (16). However, 
repeated measurements on cultures actively growing under microaerophilic 
conditions showed a decreasing potential, even though L. lactis produces 
considerable acid during growth. Measurements were taken on uninocu- 
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lated medium through which oxygen-nitrogen mixtures of varying oxygen 
concentration were bubbled, and in every series the oxidation-reduction 
potential of the medium was directly related to the oxygen tension (17). 
Reducing substances such as ascorbic acid, isoascorbic acid, cysteine, and 
glutathione markedly lowered the oxidation-reduction potential of the 
uninoculated medium, whereas oxidizing agents such as hydrogen peroxide, 
potassium ferricyanide, and potassium permanganate raised the poten- 
tial. 
Of the reducing substances, ascorbic acid and isoascorbic acid were found 
to be most active in maintaining reduced conditions in the uninoculated 
medium, and most effective in stimulating growth of L. lactis in the ab- 
sence of the LLD growth factor. Thus, 0.5 mg. per ml. of ascorbic acid 
lowered the E, of the uninoculated medium from 0.360 volt to 0.170 volt 
and always gave maximum growth of L. lactis in assay tubes, even when 
autoclaved with the medium. Smaller concentrations of ascorbic acid 
failed to produce as low a potential, and growth response in the absence 
of the LLD factor was erratic. Glutathione was observed to undergo 
oxidation during measurement and as much as 5.0 mg. per ml. of medium 
was required to reduce the oxidation-reduction potential of the uninocu- 
lated medium to the same extent and allow maximum growth of L. lactis 
in the absence of added LLD growth factor. Lower concentrations of 
this reducing agent were ineffective in substituting for the growth-promot- 
ing properties of liver extract or vitamin B,. under the same conditions. 

Inhibition of growth was noted when oxidizing agents were added to cul- 
tures. Hydrogen peroxide proved the most effective, but its inhibitory 
effect was overcome by the LLD factor, as will be shown in a subsequent 
section. A similar relationship was noted with potassium permanganate, 
but larger quantities of this oxidizing agent were required. 

An interesting exception to these phenomena was observed in the effect 
of potassium ferricyanide. This oxidizing agent failed to inhibit growth 
and instead had a stimulatory effect in lower concentrations in the ab- 
sence of liver extract or vitamin B,.. Similar stimulation has been noted 
by Knaysi and Dutky with Clostridium (19). They likewise noted the 
relative ineffectiveness of potassium ferricyanide in maintaining inhibitory 
oxidation-reduction potential levels. 

Hydrogen Peroxide 

Since lactobacilli are reported to be catalase-negative (20), the observa 
tion that hydrogen peroxide is highly inhibitory to the growth of L. lacks 
was of considerable interest. For these studies, a modification of the 
potato peroxidase method of Main and Shinn (21) proved to be a simple 


* Shive (18) has reported briefly on ascorbic acid substitution for vitamin Bu. 
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and quantitative method for the determination of peroxide. Small uni- 
form cylinders of fresh potato were found to be more satisfactory than 
potato extract. With a small reaction volume (1 ml.) and an accurately 
controlled reaction time (10 minutes) the blue color which developed in 
the presence of o-tolidine could be measured colorimetrically (Evelyn 
photoelectric colorimeter fitted with a 660 mu filter) with a precision among 
replicates of +10 per cent, in a range of 10 to 50 parts per million of H,Oy. 


H2O2 AND L LACTIS RESPONSE 
TO VITAMIN Bie2 


VITAMIN Bi2, LLO UNITS PER ML 


MG H202 PER ML 


Fic. 2. The points represent vitamin B,: required for half maximal growth at 
each H;0, level. 


Standard curves were prepared with H,O, in water solution or in culture 
medium. 

With this method, it was possible to follow the stability of H:O, added 
to medium and to test cultures for peroxide production. In spite of the 
rather rapid decomposition of H,O,; when added to autoclaved medium, 
it was found that 10 p.p.m. of added H,O, were definitely inhibitory to the 
growth of L. lactis in assay tubes. The addition of crystalline vitamin By 
overcame this inhibition (Fig. 2). The initial lag in the curve relating 
peroxide addition to vitamin B,: requirement is very likely due to destruc- 


tion of low concentrations of peroxide through interaction with medium © 


constituents. 


| | 
/ 
/ 
/ 
/ 
a / 
/ 
| 2 
t 
7) 
0-305 OOTAOL 
ct 
b- | 
he | 
ry 
ve 
chs 
Bis. 


1100 NUTRITION OF LACTOBACILLUS LACTIS 


The activity of vitamin B,; in overcoming the H;0; inhibition cannot be 
attributed to H.O, destruction, because no discernible difference in re- 
covery of added H,O, was found in medium with and without vitamin By. 
Furthermore, it is possible to demonstrate appreciable peroxide formation 
by L. lactis in shallow layer cultures containing as much as 0.1 + of vita- 
min By, per ml. Sterile medium with or without vitamin By, under the 
same conditions, shows no peroxide. Actively growing anaerobic or deep 
layer cultures, which do not require added LLD factor, likewise do not 
show any peroxide. 

To investigate further the relationship between H,O, and the LLD fac- 
tor, the effect of the removal of peroxide in shallow layer cultures was de- 
termined. This was accomplished by aseptic addition of appropriate 


Taste II 
Effect of Pyruvic Acid on Response of L. lactis to LLD Factor in Shallow Layer Culture 
Pyruvic acid | Titer® in vitamin Hs 
— | 
0 | 2.9 >0.05 
0.13 | 3.9 0.040 
0.64 5.8 0.036 
1.3 | 6.8 0.020 
6.4 7.9 0.010 
13.0 5.8 | <0.010 
In absence of vitamin Bis 
0 | 0.9 | <0.010 
6.4 | 1.3 <0.010 


- * Acid (in 10-* gm. molecule) produced in 10 ml. in 3 days. 


quantities of neutralized pyruvic acid, which had been sterilized by filtra- 
tion through a sintered glass filter. By testing for the peroxide content 
of such treated cultures throughout incubation, it was established that 
approximately 6 mg. of pyruvic acid per ml. of culture effectively destroyed 
all peroxide formed in actively growing shallow layer cultures. Table 
II demonstrates that such destruction of peroxide results in effective i 
crease in acid production in response to a given concentration of vitamin 
By. Turbidity readings, not shown in Table II, show a corresponding 
increase in growth. Lower concentrations of pyruvic acid failed to show 
complete destruction of peroxide, and the response of L. lactis to the same 
concentration of vitamin By: in these cultures was correspondingly lower. 
In shallow layer cultures, pyruvic acid failed to stimulate L. lactis in the 
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absence of vitamin By. 
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As a more specific agent for the destruction of peroxide, catalase was 
substituted for pyruvic acid. If the catalase is introduced at the beginning 
of the logarithmic growth phase, even the short period of effective peroxide 
destruction produced by the catalase (4 to 7 hours) is sufficient to result 
in a significant increase in response of the organism to a given concentra- 
tion of LLD factor. Since crystalline catalase was not available, it was 
not possible to add amounts sufficient to destroy peroxide during the whole 
incubation period, and the increase in growth and acid production was 
therefore never as great as that obtained with pyruvic acid. Like pyru- 
vate, in shallow layer cultures the catalase extract failed to produce stimula- 
tion in the absence of LLD factor. 

Unlike pyruvate, which not only destroys peroxide, but also reduces 
the oxidation-reduction potential of the medium by other reactions, 
catalase is only effective in destruction of peroxide. In assay tube con- 
trols, where peroxide formation cannot be demonstrated, only pyruvate 
allows maximum growth of L. lactis in the absence of LLD factor. In 
this respect pyruvate resembles the action of ascorbic acid and glutathione. 

These experiments established the similarity between the increased 
LLD factor requirement of L. lactis artificially produced by the addition 
of H,O, to assay tube cultures and the increased LLD factor requirement 
observed in aerated cultures where peroxide is produced by the organism. 
Although the relationship between the LLD factor requirement of the or- 
ganism and the peroxide concentration of the medium is clear, the nature 
of the mechanism involved requires further elucidation. It is suggested 
that the observed phenomena involve two metabolic processes: (1) the pro- 
duction of reducing conditions in the culture medium as a result of rapid 
growth of L. lactis, such growth being stimulated at high oxidation-reduc- 
tion potentials by vitamin By or other sources of the LLD factor; (2) the 
production of H,O. when growth takes place under aerated conditions. 
This raises the oxidation-reduction potential of the medium and results in 
cessation of further growth unless more LLD factor is available. The 
LLD factor fails to overcome peroxide inhibition when the concentration 
of the latter is too great. 

The growth of the organism under given conditions is determined by the 
relative rates of these processes. The rates can be shifted by the addi- 
tion of agents which affect the concentration of peroxide, by the addition 
of oxidizing or reducing agents, by increasing or lowering the oxygen ten- 
sion, and by other environmental factors which influence the oxida- 
tion-reduction potential of the culture.® 


*Since these data were prepared for publication, similar effects of acration and 


oo substances have been reported (Kocher, V., Jnternat. Z. Vitaminforsch., 20, 
(1949)). 
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SUMMARY 


Data have been presented to show that the requirement of Lactobacillus 
lactis Dorner for the LLD factor is related to environmental factors as 
follows: 

1. L. lactis fails to grow in the absence of CO, even when the LLD growth 
factor is present in the medium. 

2. In the presence of CO, anaerobic conditions produced by the addi- 
tion of reducing substances, or removal of oxygen from the atmosphere, | 
or other factors which lower the oxidation potential of the medium, elim. | 
inate the requirement for the LLD factor. 

3. Aeration or oxidizing agents inhibit L. lactis growth. This inhibition } 
is overcome by the LLD growth factor. 

4. The requirement for LLD under aerobic conditions is related to the 
peroxide content of cultures. 


BIBLIOGRAPHY 


. Shorb, M. S., J. Biol. Chem., 169, 455 (1947). 

. Shorb, M. S., Science, 107, 397 (1948). 

. Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K,, 

Science, 107, 396 (1948). 

4. West, R., Science, 107, 398 (1948). 

5. Ott, W. H., Rickes, E. L., and Wood, T. R., J. Biol. Chem., 174, 1047 (1948), 
6. Wood, H. G., and Werkman, C. H., Biochem. J., 30, 48 (1935). 

7. Pasteur, L., Compt. rend. Acad., 52, 344 (1861). 

8. McLeod, J. W., and Gordon, J., J. Path. and Bact. , 26, 332 (1923). 

9. Avery, O. T., and Morgan, H. J., J. Exp. Med., 39, 275 (1924). 

10. Novy, F. G., Jr., J. Infect. Dis., 36, 343 (1925). 
11 
12 
13 
14 
15 


own 


. Quastel, J. H., and Stephenson, M., Biochem. J., 20, 1125 (1926). 
. Kligler, I. J., and Guggenheimer, K., J. Bact., 35, 141 (1938). 
. Sherman, J. M., J. Bact., 11, 417 (1926). 
. Callow, A. B., J. Path. and Bact., 26, 320 (1923). 
. Stokes, J. L., Gunness, M., Dwyer, I. M., and Caswell, M. C., J. Biol. Chem., 
160, 35 (1945). | 
16. Knight, B. C. J. G., Biochem. J., 24, 1066 (1930). 
17. Vennesland, B., and Hanke, M. E., J. Bact., 39, 139 (1940). 
18. Shive, W., Ravel, J. M., and Eakin, R. E., J. Am. Chem. Soc., 70, 2614 (1948). 
19. Knaysi, G., and Dutky, 8. R., J. Bact., 31, 137 (1936). 
20. Breed, R. S., Murray, E. G. D., and Hitchens, A. P., Bergey’s manual of de 
terminative bacteriology, Baltimore, 6th edition (1948). 
21. Main, E. R., and Shinn, L. E., J. Biol. Chem., 128, 417 (1939). 


to 
be 
ar 
m 
Re 


A SIMPLE METHOD FOR DETERMINING SERUM COPPER* 


By JOSEPH C. ROBINSON 
(From the Army Medical Nutrition Laboratory, Department of the Army, Chicago) 


(Received for publication, February 21, 1949) 


The determination of serum copper is of value in a number of metabolic 
studies, particularly in the investigation of the anemia of chronic infection. 
Presented here, together with illustrative data, is a method for determining 
copper in serum, based on the direct extraction of copper carbamate from 
serum with isoamy] alcohol. Burch et al. in their method for serum iron 
have demonstrated that such direct extractions with immiscible solvents 
are satisfactory (1). Simplicity of methodology is the chief advantage of 
this procedure; steps such as dry ashing, wet oxidation, and multiple ex- 
tractions with trichloroacetic acid are eliminated. 

Sodium diethyldithiocarbamate, the reagent used to react with copper 
in this procedure, gives colored complexes with a number of heavy metal 
cations (2). In biological material, however, iron is the chief interfering 
substance. This interference of iron is satisfactorily eliminated by de- 
veloping the copper carbamate complex in an ammoniacal solution con- 
taining pyrophosphate and having a pH 9 or greater (2-4). The color in- 
tensities of other interfering metals such as nickel and cobalt are weight 
for weight only one-twentieth to one-thirtieth as great as that given by 
copper (5). Because the concentration of these ions (Ni and Co) in serum 
is of such a relatively low order, their interference is negligible. 

The final color of the extracted copper carbamate is the result of three 
contributing components: serum copper, copper present as impurity in the 
reagents, and substances other than copper carbamate which are extracted 
from serum by isoamy] alcohol. 

Copper carbamate is soluble in a number of organic solvents in addition 
| to isoamy] alcohol, namely ethy] ether, amy] alcohol, amy] acetate, bromo- 
benzene, and carbon tetrachloride (2). Of these reagents, only ethyl! ether 
and isoamyl alcoho! were tried as extractives. The latter proved to be 
more satisfactory. 


Reagents and A pparatus— 
1. Sodium pyrophosphate. Saturate redistilled water with the salt. 
2. Ammonium hydroxide, 10 to 12 per cent. Distil 28 per cent reagent 


* The opinions expressed in this paper are those of the author, and do not neces- 
sarily represent the official views of any governmental agency. 
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into redistilled water to saturation. Dilute to the required concentration 
with redistilled water. 

3. Sodium diethyldithiocarbamate, 2 per cent aqueous solution. Re. 
move the copper by shaking with carbon tetrachloride which has bee, 
distilled over calcium oxide (6). The solution is stable for some weeks j 
it is stored in the dark (2). 

4. Isoamyl! alcohol. Distil from an all-glass apparatus, saturate with 
water, and store at 4°. 

5. Metal-free water. Distilled water, redistilled from a resistant glass 
apparatus, should be used in the preparation of all reagents and in the final 
rinsing of the equipment. 

6. Standard copper solution. Prepare the stock solution by dissolving 
0.3928 gm. of uneffloresced CuSO,-5H,0O in redistilled water and diluting 
to 1 liter. From this stock solution the working standards may be pr. 
pared. It is best to use a solution containing | y per ml. because the final 
volume of the aqueous phase should be kept at a minimum. 

7. Test-tubes. 13 K 100 mm., with ground glass stoppers. 

8. Pipettes. Serological, 0.2 ml. graduated to 0.01 ml. 

9. Mechanical shaker, Kahn. 

10. Spectrophotometer. In this laboratory a Coleman model No. 6 
equipped with 12 * 75 mm. cuvettes, was used. 


Method 


Into each of two glass-stoppered test-tubes deliver exactly 1.0 ml. of 
serum. Add to each of the tubes 0.2 ml. of saturated solution of sodium 
pyrophosphate; mix by tapping gently. ‘To each of the tubes add exactly 
0.04 ml. of 10 to 12 percentammonium hydroxide. Again mix by tapping 

Add 0.2 ml. of sodium diethyldithiocarbamate to one of the tubes; the 
other is the serum blank. Mix and allow to stand for 1 hour. Deliver 
exactly 3.0 ml. of isoamy! alcohol into each tube. Place tubes in a Kah 
rack, and securely fasten them into a horizontal position on a mechanical 
shaker. (It is convenient to place a sponge against one end of the shaker 
and clamp the rack so that the stoppered ends of the tubes are firmly pressed 
against the sponge.) Shake for 15 minutes. 

Place the tubes in centrifuge cups and cool until the water used in bal 
ancing the cups begins to form crystals of ice. 

Centrifuge at 4000 r.p.m. for 10 minutes. If the minimum required vo: 
ume (1.5 ml. for a 12 & 75 mm. cuvette) of extract is not obtained, gently 
shake the precipitate free into the isoamyl alcohol and repeat the centr: 
fugation. 

Carefully pipette the isoamyl! alcohol fractions into 12 X 75 mm. ¢& 
vettes, stopper, and measure optical densities at 440 my. (If cloudy & 
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tracts are obtained, place the cuvettes for a few seconds in water warmed 
to 50-60°. 

It is necessary to prepare a reagent blank, substituting distilled water 
for serum, for each series of determinations. Very low readings, 99 to 100 
per cent transmission, are obtained. 


ISO-AMYL ALCOHOL 


0-1 5F 'SO-AMYL ALCOHOL 
0.14% EXTRACT OF SERUM 


O.13F 
0.12 
iF 
0.10% 
0.09F 
a 0.08F 
0.07TF 
0.0SF 


0.045 
0.03F 


° 400 450 500 550 600 
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Fic. 1. Absorption curves for copper carbamate and for isoamy] alcohol extract 
ofserum. The copper carbamate curve was obtained by measuring the optical den- 
sity of 2.5 y of Cu**, as carbamate, extracted into isoamyl alcohol. 1 ml. of serum 
was used in the extraction from which the curve was obtained. For both curves the 
materials were treated as outlined in the procedure recommended in the text. 


Caleulations—The optical density of the copper carbamate extracted 
from serum is designated O,., that for the serum blank O,, and that for the 
reagent blank O,. Serum copper, Ocy, is obtained by calculation: 


Ove — (0. + 0,) Ocu 
Ocu X K X 100 = copper, y per cent 


K is determined from the calibration curve (Fig. 2). In our work K is 
equal to 17.48. 
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EXPERIMENTAL 


As previously mentioned, the final color is due to three components. A 
large percentage of the density of the final color is due to materials ex. 
tracted from the serum other than copper carbamate. This point is dem. 
onstrated in Fig. 1, which shows that the maximum light absorption for 
both an isoamy]l alcohol extract of copper carbamate from aqueous solution 


and an isoamy] alcohol extract of the serum blank occurs in the same general | 


region of the spectrum. 


0.12 
0.11 
0.1 


A A A 


“oO 0.5 10 1.5 2.0 
GAMMA COPPER PER MILLILITER 
OF WATER 


Fic. 2. Calibration curve obtained by extracting copper carbamate from aqueow 
solution with isoamy] alcohol. The conditions of extraction were the same as thox 
outlined in the text, with measurements at a wave-length of 440 mu. The direc 
proportionality is shown between the concentration of copper and the optical density. 


The color concentration relationship of copper carbamate in isoamy] alee 
hol is linear up to a concentration of about 2 y (Fig. 2). Above this value, 
however, there is an appreciable deviation from Beer’s law. This should 
be borne in mind, particularly when performing recovery experiments; ané 
in such experiments, concentration figures should be obtained from a cal: 
bration curve rather than by use of the calibration constant. 

As stated at the outset, it is necessary to have the pH adjusted to 9a 
greater, in order to prevent the interference of iron. Six different serums 
treated according to the method above, gave pH readings from 9.88 # 
10.01. 
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Tasie I 
Recovery of Copper Added to Serum 
Experiment No.| Cuinserum | Cuadded Total Cu Cu found Recovery 
1 118 50 168 169 102 
2 118 50 168 169 102 
3 112 50 162 160 96 
4 112 50 162 162 100 
5 125 50 175 171 92 
6 125 50 175 171 92 
7 118 100 218 214 96 
8 118 100 218 214 96 
9 112 100 212 210 98 
10 112 100 212 206 94 
ll 125 100 225 221 96 
12 125 100 225 221 96 
13 118 150 268 278 106 
14 118 150 268 273 103 
15 125 150 275 278 102 
16 125 150 275 275 100 
Taste II 


Comparison of Determination of Copper with Present Method and Trichloroacetic Acid 


Extraction Method 


Serum No. Present method Method Difference 
per 100 mi. serum per 100 mi. serum 

1 196 | 208 —12 

2 200 197 +3 

3 143 152 —9 

4 88 Ot —6 

5 SS | 94 —6 

6 88 | 

7 194 | 190 +4 

8 163 | 168 —5 

y 115 115 0 

10 156 151 +5 

ll 138 | 134 +4 


Experiments show a fairly consistent and quite satisfactory recovery of 
added copper (Table I). In order to check the values obtained by this 
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method against those of another, the procedure of Cartwright et al. (7) 
which has been in use in this laboratory for the past year, was chosen, 
The results are presented in Table II. All analyses were performed 
serum from subjects who had fasted 12 hours. 

Determinations were performed on three groups of subjects: apparently 
healthy males, apparently healthy females, and male patients with anemjy 
of chronic infection (osteomyelitis). The results are tabulated in Table II] 
The averages for the control groups are less than those reported by Cart. 
wright et al. (7) for their method (males 116 y per cent, females 131 y pe 
cent). However, utilizing this same procedure, we obtained an average ¢ 


Taste 
Serum Copper Values in Three Groups of Subjects 
Serum specimen No. “Normal” males “Normal” females | Males with anemia of 
1 106 79 133 
2 73 100 190 
3 112 97 168 
4 92 97 175 
5 O4 120 | 124 
6 | 112 125 208 
7 8S 94 149 
8 110 119 | 147 
9 76 
10 92 
Average......... 92 104 162 


92 y per cent (the same for the present method) on a group of ten appar 
ently healthy males. 

r In an attempt to determine the individual variation of the serum coppet 
determinations were made at weekly intervals for a period of 1 month 
four apparently healthy individuals (two males and two females). In th 
males, the differences between the lowest and highest values obtained wer 
8 and 19 y per cent; for the females, 22 and 24 y per cent. 


SUMMARY 


A simple method for determining serum copper, based on the extractiat 
of copper carbamate directly from serum with isoamy] alcohol, is presented 
Recovery experiments compare favorably with more complex procedure 

The average value for males is 92 y per cent; for females the average* 
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104 y per cent. The largest individual variation in serial determinations 
was 24 7 per cent in a female subject. 


I wish to express my appreciation to Dr. R. E. Johnson and Dr. F. 
Sargent for assistance in preparing this report. | 
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RELATIVE VITAMIN E POTENCY OF NATURAL AND OF 
SYNTHETIC a-TOCOPHEROL* 


By PHILIP L. HARRIS ann MARION I. LUDWIG 


(From the Research Laboratories of Distillation Products, Inc., Rochester, 
New York) 


(Received for publication, December 16, 1948) 


A reasonably accurate estimate of the relative physiological value of 
natural and of synthetic a-tocopherols is needed by the clinician, the phar- 
maceutical industry, and the experimental nutritionist to facilitate their 
use of vitamin E in a more quantitative manner. At present there is pre- 
liminary information available for two species of animals. It was tenta- 
tively established (1) in 1944 that for rats natural d,a-tocopherol possessed 
50 per cent more potency than synthetic dl,a-tocopherol, with resorption 
during gestation as a criterion. In 1947 Hove and Harris reported (2) that 
for rabbits natural a-tocopherol was 22 per cent more active than the syn- 
thetic racemic form, based on effectiveness in curing muscle dystrophy. 

It is now possible to reevaluate the relative potency of d- and of dl,a- 
tocopherol in the rat, based on the results of numerous bioassays in this 
laboratory since 1944, by means of an improved assay procedure (3). From 
these data a new value of 1.36, for the ratio of the potency of natural toc- 
opherol to the potency of synthetic tocopherol, has been obtained. 


EXPERIMENTAL 


The bioassay procedure of Mason and Harris (3) was used, except that 
variations in diet were made as shown in Table I. Statistical treatment of 
the results was based on procedures outlined by Miller et al. (4). 

The natural tocopherols used were all pure compounds, crystals in the 
case of the esters, and were kindly supplied to us by the Chemical Plant 
and the Organic Chemistry Department of Distillation Products, Inc. The 
synthetic tocopherol in these experiments was the international standard, 
dl,a-tocophery] acetate. 


Results 


Table II shows the relationships obtained during a 3-year period when- 
ever synthetic and natural tocopherol were included in the same bioassay. 
When esters were used, it was found easier to handle the results by re- 
cording the doses as the weight of the tocopherol, calculated stoichio- 
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metrically from the weight of the ester. For example, a dose of 1.099 mg 
of a-tocopheryl acetate is tabulated as 1.000 mg. of a-tocopherol, a 
ester. 

The individual values for the ratio of the relative potency of naturl 
versus synthetic tocopherol vary quite widely, from 1.03 to 1.81. How. 
ever, these values are all homogeneous within the limits indicated by ay 
test. The limits of uncertainty for the individual comparisons also vary, 


I 
Composition of Diets Used in Bioassays | 
Ingredients Diet 30 Diet 39 Diet 2 
per cent per cent Per cent 

Vitaminized casein®........................ 2 | 
60 
Yeast, dried brewers’...................... 10 10 
Stripped corn 5 


* Crude casein with the following crystalline vitamins added in amounts sui 
that the final ration contained thiamine hydrochloride 10 y per gm., riboflavs 
10 y per gm., pyridoxine 10 y per gm., niacin 20 y per gm., Ca pantothenate 257 pe 
gm., 2-methyl-1,4-naphthoquinone 50 y per gm., inositol 500 y per gm., and cholix 
chloride 1 mg. per gm. 

t Distilled on a molecular still to remove vitamin E. 

t Added to the fat component of the diet as natural vitamin A ester concentnt 
and vitamin D, concentrate to supply 40 units of vitamin A and 4 units of vitamia) 
per gm. of final ration. 


as shown by the standard errors of the ratios, which range from 0.22% 
0.44. 

These variations were taken into consideration in determining a weighté 
mean for the ratios and also a standard error of the weighted mean. Tb 
value of 1.36 + 0.07 represents the best estimate from these data of tk 
relationship between the potency of natural a-tocopherol versus synthett 
a-tocopherol. The standard error of the weighted mean, +0.07, indicat 
that in another similar series of comparisons between the two types of¢ 
tocopherol the weighted mean would fall within 1.29 and 1.43, with a pmb 
ability of 2 out of 3. 

It should be noted that this relationship in potency, 1.36, applied bet 
to the comparison between free d,a-tocopherol and free dl,a-tocophen 
and to that between esterified d , a-tocopherol and esterified dl ,a-tocopher 


BE 
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TaB.e II 
Relative Vitamin E Potency of Natural and Synthetic a-Tocopherols 
date Diet No. No. of ~ +s. 8. of 
Assay animals | Netural |Synthetic| Dodge. | "tet 
' tocopherol 


esters ve. dl,a-tocopheryl acetate (international standard) 


mg. mg. 
Jan., 1945 30 30 0.54 | 0.84 1.56 0.36 
Apr., 1945 39 36 0.67 1.05 1.57 0.36 
Sept., 1945 39 38 0.47 | 0.65 1.38 0.27 
Nov., 1945 30 36 0.42 | 0.76 1.81 0.43 
May, 1946 301 48 0.61 0.75 1.23 0.26 
July, 1946 301 36 0.50 | 0.57 1.14 0.26 
Sept., 1946 301 62 0.44 | 0.72 | 1.64 0.42 
Nov., 1946 301 55 0.38 | 0.53 1.39 0.37 
Feb., 1947 30 38 0.40 | 0.41 1.03 0.39 

“ 1947 301 25 0.43 | 0.52 1,21 0.25 
Apr., 1947 301 49 0.37 | 0.42 1,14 0.44 
June, 1947 301 §1 0.40 | 0.61 1.53 0.22 
July, 1947 301 35 0.43 | 0.46 1.07 0.25 
Sept., 1947 301 45 0.45 | 0.53 1.18 0.31 
Oct., 1947 301 45 0.34 | 0.54 1.59 0.28 

d,a-Tocopherol vs. dl, a-tocopherol (Merck) 
Feb., 1946 301 49 0.60 | 0.81 1.35 0.26 
“ 1947 30 36 0.44 | 0.60 1.36 0.40 


* The weights of tocopherol were calculated stoichiometrically from the weights 
of the esters. 

t The first sample was pure d,a-tocopheryl acetate. All others were pure d, a- 
tecophery! succinate. 

$ Standard error of the ratio, or of the comparison, between M. F. D. values = 


\* \* 

(See Arkin and Colton (6).) s.E.¢ and s.£.4: are standard errors of the M. F. D. 
values of d,a-tocopherol and dl,a-tocopherol respectively. They are calculated 
from the dose-response curve, as illustrated by Miller and Tainter (7). The standard 
error.of an M. F. D. represents the range within which the M. F. D. value will fall 

in 2 out of 3 subsequent bioassays. 
§ Weighted mean = X ratio)/=(We), where We = 1/(s.z. of ratio)* (Mason 
— Harris (3)). The standard error of the weighted mean = ++/1/2(W,) (Mason 
Harris (3)). 
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Since dl,a-tocophery] acetate has a potency of 1.0 international unit per 
mg. by definition (5), it is now possible to express an international unit 
equivalency for d,a-tocopheryl esters. 1 mg. of dl,a-tocophery] acetate = 
1.00 1.vU., or 1 mg. of dl,a-tocopherol, as an ester, = 1.10 1.u. Since the 
d isomer is 1.36 times as active as the dl form, 1 mg. of d,a-tocopherol, 
as ester, = 1.10 X 1.36, or 1.50 Lv. 

The relatively great variation in median fertility dose from one bioassay 
to another, while having no bearing on potency ratios, is a bothersome fac. 
tor in the bioassay procedure and deserves some discussion here. It is 
evident that in a method which requires 0.34 mg. of pure vitamin E on — 
time (assay of October, 1947) and 0.67 mg. of the same material another — 
time (assay of April, 1945) to induce the same physiological response ther 
are factors of diet, of technique, or of animals which are not being main- 
tained constant from one bioassay to another. We have tried to eliminate 
this variation in values of median fertility dose between assays without 
success so far. Diet ingredients have been purchased in large quantities 
and so the same ingredients were used in several successive assays. Diets 
were compounded carefully by weight and frequently (every 4 days) to 
prevent changes due to long or variable storage. The same individual per. 
formed all of the animal manipulations in successive assays and tried to 
maintain constant each step in the procedure. The rats were produced in 
our own breeding colony under as uniform conditions as possible. Varis- 
tions in median fertility dose between assays still occurred and we are con- 
tinuing the search for the variable factor involved. Table I shows some d 
the variations in diet which were made during the course of our exper- 
ments. The results obtained with each of these diets are not detailed, since 
they showed that values of the median fertility dose were not influenced by 


these changes in diet. 


Vitamin E bioassays were carried out in which the potency of naturl 
d,a-tocopherol, free and esterified, was compared with comparable form 
of synthetic dl,a-tocopherol. Prevention of fetal resorption during gest 
tion in rats was used as the criterion of physiological response, 

Natural d,a-tocopherol was found to be 1.36 (+0.07 standard error) the 
potency of synthetic dl,a-tocopherol. This relationship applied both t 
the comparison between free d,a- and free dl,a-tocopherol, and to thst 
between esterified d,a- and esterified dl ,a-tocopherol. 

a-Tocopherol, in natural d, a-tocopherol esters, can be epeneelit in terms 
of international units; ¢.g., d,a-tocopherol, in ester form, is equivalent # 
1.5 1.U. of vitamin E per mg. 


| 
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LIPOGENESIS FROM GLUCOSE IN THE NORMAL AND 
LIVERLESS ANIMAL AS STUDIED WITH 
C*-LABELED GLUCOSE* 


By E. J. MASORO, I. L. CHAIKOFF, anp W. G. DAUBEN 


(From the Division of Physiology of the Medical School, and the Department of 
Chemistry, University of California, Berkeley) 


(Received for publication, January 22, 1949) 


Since the experimental demonstration that fatty acids can be synthe- 
sized from carbohydrate in the animal body, there has been much specula- 
tion on the site or sites where this biochemical process occurs (1-7). It is 
generally accepted that the liver is a site for conversion, but conclusive 
proof of its occurrence in extrahepatic tissues has yet to be presented. 
The availability of C'*-labeled glucose has made possible a direct study 
of the incorporation of glucose-C™ into the carbon chain of fatty acid 


molecules. We wish to report here results obtained with both normal 
and eviscerated animals. 


EXPERIMENTAL 


Treatment of Mice and Rats before Experimental Run—For 2 or more 
weeks before the experimental runs, the animals were fed ad libitum a 
high carbohydrate diet composed of 60 per cent glucose monohydrate, 
22 per cent casein (Labco, vitamin-free), 6 per cent brewers’ yeast, 6 per 
cent Hawk-Oser salt mixture (8), and 6 per cent Cellu flour. The yeast 
furnished the only source of fat in this diet. Mice treated as described 
above were weighed daily, and only those whose weights remained constant 
throughout a 2 week period were selected for study. 

Collection of Expired CO,—Each mouse was placed in a glass metabolism 
cage which was ventilated continuously with CO,-free air at 27-28°. The 
air collected from the cage was passed through a column of carbonate-free 
NaOH (17 m.eq. per mouse were used for each hour of CO, collection). 
A porous glass disk at the bottom of the column served to break the stream 
of air into fine bubbles. The NaOH-Na,CO; mixture obtained was made 
to volume with CO,-free distilled water, and two aliquots were used for 
the determination of its CO, content. One was titrated with 0.1 n HCl 
to the brom cresol green end-point; this provided a measure of the total 
amounts of Na,CO; and NaOH present. An excess of BaCl, was added 


* Aided by grants from the American Cancer Society (recommended by the Com- 


mittee on Growth of the National Research Council) and the Corn Industries Re- 
search Foundation. 
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to the other mixture which was titrated with 0.1 Nn HCl to the phendl. 
phthalein end-point; this titration represented the unused NaOH. The 


BaCO; mixture was centrifuged and the precipitate washed with distilled . 


water. The radioactivity of the BaCO; was determined as described 
below. 

Evisceration of Rats—The superior mesenteric artery, the celiac axis, 
and the portal vein were ligated in the order listed. The celiac axis was 
tied above the origin of the hepatic artery. Ligatures were then placed 
at the lower ends of the esophagus and rectum, and the entire gastro 
intestinal tract, spleen, and pancreas were excised. The ligature applied 
to the rectum was arranged so as to occlude the inferior mesenteric artery. 
This operation results, essentially, in a functionally liverless rat, for, 
although the liver remains in situ, it is deprived of its portal and hepatic 
blood supplies. 

Extraction of Tissue Fatty Acids—Immediately after their removal from 
the animal, the tissues were placed in hot 30 per cent KOH solution (2 ce. 
per gm.) and heated for 18 hours on a steam bath. The mixture wa 
allowed to cool, and extracted three times with a huge excess of petroleum 
ether. The three petroleum ether extracts were combined and evaporated 
to a small volume, and the concentrated petroleum ether was washed with 
distilled water to remove soaps that might have entered it. The water 
extract was added to the aqueous residue. 

The aqueous residue was acidified (pH 3 or lower, as judged by bron 
cresol green) and its fatty acids extracted thoroughly with petroleum ether. 
The petroleum ether extracts were combined and made to volume. As 
_ aliquot of this solution was transferred to a tared flask and its fatty acd 
content determined by weight. The fatty acids of another aliquot wer 
oxidized by means of the Van Slyke wet combustion solution (9) and th 
liberated CO, collected as BaCO;. The BaCO; was mounted on @ 
aluminum plate and its radioactivity measured as described below. 

Isolation and Identification of Palmitic Acid—A petroleum ether solutia 
of fatty acids was evaporated and the residue dissolved in methanol. Tb 
methanol solution of fatty acids was hydrogenated over platinum oxit 
at atmospheric pressure. After the catalyst had been removed by fits 
tion, sulfuric acid was added to the methanol solution and the mixtur 
heated under a reflux for 1 hour. The crude methyl esters were isolate 
in the usual manner and distilled according to the amplified distillate 
procedure of Weitkamp (10), with “Eureka white oil.” A column wit 
packing, as described by Mitchell and O’Gorman (11), was employed ft 
the distillation. The oil-diluted fraction containing methyl] palmitate 
hydrolyzed by heating with a solution of potassium hydroxide in isobuty 
alcohol. The hydrolysate was then acidified and extracted with hexai 
The hexane extract was washed with water and then shaken with an exc 
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of aqueous potassium hydroxide. The two layers were not separated, but 
in order to insure complete conversion of palmitic acid to its potassium 
salt, the hexane was boiled off. The resulting aqueous solution of potas- 
sium palmitate was first washed with hexane to remove the carrier oil and 
then acidified. It was also warmed to insure complete reaction. The 
cooled mixture was filtered and recrystallized, once from 50 per cent aque- 
ous acetone and once from hexane. 

Determination of C™ Content of BaCOs;—The BaCO; was suspended in 
95 per cent ethanol and the mixture finely ground. It was then trans- 
ferred to an aluminum plate where the ethanol was evaporated with the 
aid of heat from an infra-red lamp. The details of this procedure, as well 
as the method for the determination of the radioactivity of the mount, 
have been described by Dauben et al. (12). 


Incorporation of Glucose-C™ into Fatty Acids by Normal Mouse 


The experimental runs lasted for 24 or 48 hours during which the mice 
had access to water and to the high carbohydrate diet described above 
which had been thoroughly mixed with a sample of C"-labeled glucose.' 
The glucose and C™ ingested by each mouse were determined by an analysis 
of the uneaten portion of the diet. 

At the end of the experimental run, the mice were killed with an in- 
traperitoneal injection of nembutal. In Mice 1, 2, 3, 6, and 7, the livers 
and the carcasses were analyzed separately; in these animals the term 
carcass, therefore, refers to all tissues with the exception of the liver. 

In the case of Mice 4 and 5, separate analyses were made for the liver 
and small intestine. Thus the term carcass here refers to the whole mouse 
less these two organs. 

The results obtained in seven mice, five of which were sacrificed 24 
hours, and two, 48 hours, after the feeding of the radioglucose was begun, are 
recorded in Table I. At the 24 hour interval, 10 to 15 per cent of the 
glucose-C'* was recovered in the fatty acid fraction isolated from the 
whole animal. The actual amounts of the ingested* glucose that had been 
converted to fatty acids were obtained by multiplying the numerical 
proportions of the C™ recovered as fatty acids by the total mg. of glucose 
ingested. The values are recorded in Table I. Thus in 24 hours, from 
175 to 265 mg. of ingested glucose were converted to fatty acids and, in 
48 hours, 459 to 680 mg. 

The C* incorporated into liver fatty acids accounted for less than 2 per 


‘We are indebted to Dr. W. Z. Hassid for the radioactive glucose used in this 
*It should be noted that the mice had access to the diet containing the radio- 


setive glucose throughout the entire period of observation, #.e., up to the time they 
were sacrificed. ‘The unabsorbed glucose was not measured. 
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Fate of Glucose in Mouse 


TaBLe I 


Fatty 
ievlated tion of 
from ‘ment 
mouse 
gm. mg. | hrs. 
1 o| 20 | 2640 | 24 
2 o| 18 | 1770 | 24 
3 oc 19 | 1950 | 24 
4 2| 20 | 3096 | 24 
5 9) 25 | 4117 | 24 
6 o"| 20 | 2110 | 48 
7 o| 23 | 2860 | 48 


This was true for both intervals studied. 
The isotope concentrations of the fatty acids of this tissue are of con. 
siderable interest and the values (specific activities) are recorded in Table 
II. The fact that the specific activities of the liver fatty acids so exceed 


¢| Glucose- Glucose | glucose ucose 
cu in- con- oy accounted 
ingested Fatty acids gestedt hy verted 
Liver |Carcass | Total COs acids 
counts 
per min. mg. | mg. | mg. 
x< 108 
0.853 | 70.5 | 1.5 8.3f, 9.8 | 1790 | 175 1260 80 
1.250 | 61.5 | 1.7 | 8.4$10.1 | 1810 | 182 | 1110 72 
1.163 | 61.8 | 1.8 | 10.0$/11.8 | 2210 | 265 1360 74 
0.455 | 67.6 | 1.9 12.9§15.4 82 
0.650 | 61.5 | 1.9 | 12.3§14.5 75 
1.534 | 75.8 | 0.2 12.63 12.8 3480 | 446 | 2640 89 
1.520 | 84.5 | 1.4 14.8$16.2 4210 | 680 | 3560) 101 


* Mice 4 and 5 were of the C57 black strain; the rest were of the Lister ABC strain. 
t The mice were sacrificed at 6.00 p.m. 
t All tissues except liver. 
§ All tissues except liver and small intestine. 


II 
Specific Activity of Fatty Acids in Various Mouse* Tissues 
Specific activityt of Mouse 1; Mouse 2, Mouse 3 Mouse 4) Mouse s|Mouse 1 
Liver fatty acids................... 185 | 400 | 363 | 112 | 114 | 154 | 38 
Intestine fatty acids............... 44 48 
Carcass fatty acids................ 27t | | 20§ | 20§ | 92) 


* Mouse species same as for Table I. 
t Specific activity = C'* counts per minute per mg. of fatty acids. 
t All tissues except liver. 
§ All tissues except liver and intestine. 


those of the carcass (body minus liver) makes it appear unlikely that th 
fatty acids of the liver originate in extrahepatic tissues, but, since th 
specific activities of each of the extrahepatic tissues were not measured 
separately, this interpretation may be open to question. 

The specific activities of small intestine fatty acids were determined 
in two mice (Nos. 4 and 5) and the results are recorded in Table II. Te 
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fact that the values were more than twice those of the carcass implies, 
as already pointed out by earlier investigators (13), that this tissue is a 
site for lipogenesis. But the higher specific activities found for liver fatty 
acids do not exclude the possibility of the liver as a source of intestinal 
fatty acids. 

The mouse fed a high carbohydrate diet and maintained in the steady 
state oxidized more than 60 per cent of the ingested glucose in 24 hours 
and in 48 hours (Table I). The percentages oxidized, in addition to those 
converted to fatty acids, accounted for most of the carbohydrate ingested 
in 24 and 48 hours. 


Conversion of Radioglucose to Fatty Acids by Normal and Eviscerated Rats 


Immediately following evisceration and while still under anesthesia, 
the rats were shaved on an area between the shoulder blades. This area 
was used for the subcutaneous injection of the C'-containing glucose. 
Each rat received four injections of the C'-glucose, the first as soon as 
it had recovered from the anesthetic, the other three at successive intervals 
of 2 hours. At each interval, the rat was also injected subcutaneously 
with unlabeled glucose (2 gm. per kilo) in a different region; this adminis- 
tration of carbohydrate served to prevent hypoglycemia. Each rat thus 
received, at 0, 2, 4, and 6 hours after the functional hepatectomy, two 
injections of glucose, (1) the C'-labeled glucose, and (2) unlabeled glucose. 
The rats were sacrificed 2 hours after the last injection. 

Two normal rats were used as controls. One of these (Rat T1) was 
subjected to a sham operation in which the abdominal cavity was opened 
and the viscera manipulated before the rat was injected with glucose as 
described above for the eviscerated rat. The other normal rat (No. N1) 
was not operated on and was injected only with the C-glucose. 

A measure of the unabsorbed C'*-glucose was obtained as follows: At 
the end of the period of observation (i.e., 8 hours after the first injection 
of the C-labeled glucose), the rats were anesthetized with ether. Ap- 
proximately 10 sq. cm. of the skin in the region of the C™ injection, and 
an equal area of the subcutaneous tissues, were excised and homogenized 
with 10 per cent trichloroacetic acid. The area over the denuded muscle 
was wiped with cotton and the cotton transferred to the homogenizer. 
The homogenate was then centrifuged and the precipitate washed. The 
combined supernatant and washings were analyzed for radioactivity. 
The amounts of C'*-glucose absorbed are recorded in Table III. 

8 hours after the first injection, 2 and 3 per cent of the administered 
glucose-C™ were incorporated into fatty acid molecules by the normal rat 
(Table III). It is clear from Table III that this conversion also takes 
Place in the rat deprived of functioning hepatic tissue. That it proceeds 
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at an appreciable rate in the functionally hepatectomized rat is the sur. 
prising result brought out here. 

Proof that the livers of Rats H1 and H2, which remained in situ, could 
not have contributed to the incorporation of the glucose-C" into the fatty 
acid molecules to any appreciable extent is provided in Table III. Thu 
only 0.001 per cent of the administered C'* was recovered in the fatty 
acids of the livers of Rats Hl and H2, a value approximately 1 per cent 
of that found in the liver of the normal rats (Nos. N1 and N2). 

Palmitic acid was isolated from Rats H1 and T1 by the method described 
above. White plates of palmitic acid were obtained whose melting point, 
61-62°, is in good agreement with reported values. 


III 
Fatty Acid Formation in Normal and Hepatectomized Rats 
All observations made 8 hours after first subcutaneous injection of C'*-glucose. 


| | | cent of injected! 
| C** recovered as | Specific activities’ 


Patty fatty acids 
Rat No. Condition Weight | “Tent of “injected | 
| “iver | Body fatty | 
N1 | Normal «200 «| «13.5 18.7 0.09 2.0 
Tl | Operated, control | 125¢ | 7.4 18.7 0.10 | 3.0 | 79 «| 8l 
Hl | Eviscerated 10.1¢; 19.9 0.001 4.2 
H2 122t| 9.2¢ | 14.0 0.001 1.5 23 
* Specific activity = C' counts per minute per mg. of fatty acids. 


t Preoperative weights. 
t Fatty acids determined after evisceration. 


The pure palmitic acid was oxidized and its specific activity determined 
The results are recorded in Table III. In each experiment, the specifi 
activity of the isolated palmitic acid agreed closely with the specific activity 
of the petroleum ether extract of fatty acids. 


DISCUSSION 


The experiments that favor the liver as a probable site for the synthest 
of fatty acids from carbohydrate have been assembled by Longenecket 
(2) and by McHenry and Cornett (5). Among these, the experimett 
carried out by Barrett, Best, and Rideout (1) is significant. They fed 
rats deuterium-containing fats for 14 days and thereby labeled the body 
fatty acids. The finding that the subsequent feeding of a deuterium-fre, 
high carbohydrate diet for 7 days resulted in a pronounced dilution d 
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liver fatty acids and little dilution in the body fatty acids led these workers 
to conclude that the conversion of carbohydrate to fat may have taken 
place entirely in the liver. 

Waelsch, Sperry, and Stoyanoff (14) compared the deuterium concentra- 
tion of fatty acids in liver, intestine, brain, and carcass in rats whose body 
fluids had been enriched with deuterium for 4 to 7 days while being fed a 
diet high in carbohydrate and almost devoid of fat. In the adult rat, the 
highest atom per cent deuterium was found in the liver; the values for 
intestine, although lower than those of the liver, were nevertheless much 
higher than those for brain and carcass. Such observations have also 
been interpreted to implicate the liver as a site of conversion of carbo- 
hydrate to fatty acids. 

These same investigators (15) observed that, in the 19 day-old rat which 
had received heavy water from the 15th to the 19th day of life (7.e., the 
period of most active myelination), the deuterium concentration of brain 
fatty acids was 0.24 atom per cent as compared with 0.32 and 0.34 for 
liver and intestine fatty acids, respectively. The fact that the fatty acid 
content of the brain doubles in rats between the ages of 15 and 19 days, 
coupled with the assumption that the breakdown of fatty acids in the 
young rat brain proceeds at the same slow rate as that in the adult brain, 
led these investigators to conclude that the deuterium concentration of 
the brain fatty acids was approximately twice as great as that measured 
and considerably higher than that found for any of the other tissues of 
the mothers or of the young rats. They therefore argued that the de- 
posited fatty acids could have originated only in syntheses in the brain 
itself. 

The evidence for the conversion of carbohydrate to fatty acids in the 
tissues, other than liver, of the adult animal is of an indirect nature and 
hence not conclusive. Tepperman, Brobeck, and Long (4) clearly estab- 
lished that the r.q. of eviscerated rats, previously trained to consume their 
daily ration in 3 hours, rises above unity. These rats received both 
glucose and insulin immediately following evisceration. The Yale in- 
vestigators suggested that the conversion of carbohydrate to fatty acids 
was chiefly responsible for these high r.Q. values. It has been recognized 
for some time, however, that r.q. values observed after evisceration must 
be viewed with caution as indicators of the nature of the metabolic activity 
of this preparation (16), a fact fully recognized and evaluated by Tepper- 
man e¢ al. in their studies. The r.Q. data obtained for surviving slices of 
adipose tissue have similarly been interpreted to indicate an extrahepatic 
conversion of carbohydrate to fatty acids (7). Suggestive evidence that 
fatty acid synthesis can occur in the brain of the 40 day-old rat, but at a 
slow rate, has been presented by Waelsch et al. (17), and recently a claim 
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for such a synthesis in adipose tissue has been made by Shapiro 
and Wertheimer (18). 

In the adult rat which had received a high carbohydrate diet and heavy 
water, Bernhard and Bullet (13) found an occasional higher value for 
the deuterium concentration of intestinal fatty acids than for any of the 
other tissues examined. They therefore stated that the intestine is 4 
site of fatty acid synthesis. But their observations have not been con. 
firmed here nor by Waelsch et al. (14). 

As judged by the results presented here, the conversion of glucose to 
fatty acids is not limited to a single tissue in the adult rat. Its occur. 
rence in the liver is implied by the higher specific activities of fatty acids 
in the liver than in the carcass. The isolation of C'-containing palmitic 
acid from the eviscerated rat that had been injected with C"-glucose 
can leave no further doubt that the conversion of carbohydrate to fatty 
acids proceeds in one or more of the extrahepatic tissues. But the r 
sults presented here should not be interpreted as minimizing the impor. 
tance of the liver in this conversion. 

The large amounts of glucose-C" incorporated into fatty acid mole 
cules show that conversion to fatty acids is a significant metabolic patb- 
way for ingested glucose. This has already been pointed out by Pauls 
and Drury (19) and by Stetten and Boxer (20). The values reported 
in“our investigation, namely 10 to 15 per cent in 24 hours and 12 and 16 
in 48 hours, for the conversion of the ingested’ glucose-C™ to fatty acids 
are minimum values, since they do not take into account the amount of 
C-labeled fatty acids that were degraded during these periods. 


SUMMARY 


The conversion of carbohydrate to fatty acids was studied in the mouse 
and rat with C-labeled glucose. 

1. In the mouse maintained on a high carbohydrate, fat-free diet, 10 
to 15 per cent of the ingested glucose-C" was incorporated into fatty 
acids in 24 hours, and 12 and 16 per cent in 48 hours. 

2. In this mouse, more than 60 per cent of the ingested glucose-C" was 
eliminated as CO, in 24 and 48 hours. Thus in the fed mouse, nearly 
all of the carbon of the ingested labeled glucose was accounted for by 
fatty acids and CO;. 

3. The specific activities of the fatty acids of liver and small intestine 
were much higher than that of the rest of the mouse. The finding of the 
highest values in the liver (3 times those of the small intestine and about 
6 times those of the carcass) is interpreted to favor the liver as a primary 
site of synthesis of fatty acids from glucose. 

4. In 8 hours, about 2 per cent of subcutaneously injected glucose- 
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was converted to fatty acids by the normal rat. C" was also recovered 
in fatty acids of the rat that had been deprived of both liver and gastro- 
intestinal tract. 


5. C'-containing palmitic acid was isolated from eviscerated as well 


as normal rats that had received C'-labeled glucose. The finding of an 
appreciable amount of C™ in the palmitic acid isolated from the evis- 
cerated rat demonstrates that the conversion of carbohydrate to fatty 
acids proceeds significantly in tissues other than the liver and intestine. 
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THE DETERMINATION OF FUMARIC ACID IN ANIMAL 
TISSUES BY PARTITION CHROMATOGRAPHY 


Br LAWRENCE M. MARSHALL,* JAMES M. ORTEN, anp ARTHUR H. SMITH 
(From the Department of Physiological Chemistry, Wayne University 
College of Medicine, Detroit) 
(Received for publication, February 14, 1949) 


The present investigation arose from a need for a method of analysis 
that would permit the estimation of the small quantities of fumaric acid 
alleged to be present in animal tissue. Annau et al. (1) suggested the 
possible metabolic significance of fumaric acid, and the “citric acid” 
cycle of Krebs (4), which followed promptly the demonstration by Orten 
and Smith (9) of citric acid precursors in the dog, attracted attention to 
the biological importance of certain other related organic acids. Although 
schemes of analysis for fumaric acid exist, the early methods either lacked 
sensitivity or specificity or required equipment which prevented their 
wide application. ‘The methods of Annau et al. (1) and of Massart and 
van Grembergen (8) employed an extraction of the acid and final volu- 
metric measurement with standard potassium permanganate solution, 
whereas Krebs and coworkers (5) measured the fumaric acid after reduction 
to succinic acid. Szegedy (11) used addition reactions with bromine, 
while Stotz (10) measured the mercury held in mercurous fumarate pre- 
cipitates. Polarographic methods were developed by Giovanni and Rao 
(2) and by Warshowsky and coworkers (12). The method of Isherwood 
(3) for the determination of organic acids in fruits suggested the possibility 
of adapting the chromatographic technique to this problem. The theory 
of chromatography developed by Martin and Synge (7) provided direction 
for the investigation from which evolved the method herein described. 
This procedure, in our hands, also appears suitable for succinic, malic, and 
citric acids as well. The present report presents the detailed procedure 
for the measurement of fumaric acid which has been employed in our 
laboratory (Marshall, Orten, and Smith (6)). 

The principle of the method involves the transfer of the organic acids of 
the sample to a non-aqueous phase, an amy] alcohol-chloroform mixture, 
which is then passed through a column of specially treated silica gel; a 
physicochemical separation of the organic acids is thus accomplished. As 

* The data in this paper have been taken from the dissertation submitted by 
Lawrence M. Marshall for the degree of Doctor of Philosophy, Wayne University, 


199. Junior Fellow, National Institute of Health, 1946-48. Present address, 
Howard University School of Medicine, Washington. 
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will be described in detail later, further separation of fumaric acid from 
other organic acids, which are released from the column at nearly the same 
time, can be accomplished on rechromatographing the effluent and using 
a lower proportion of amyl alcohol to chloroform. The final measurement 
involves titration with standard alkali of fractions of the effluent and the 
values obtained describe a curve which approximates the normal curve of 
error. The reproducible location of the mode of this curve at the same 
position on the abscissa under comparable experimental conditions demon- 
strates the specificity of the method. A colorimetric method (Marshall, 
Orten, and Smith (6)) shown to be specific for fumaric acid, though less 
sensitive, was employed as a further procedure for verification. 

Reagents—Acid acetone. 6 ml. of 10 N sulfuric acid diluted to 1 liter 
with acetone. 

Amy] alcohol, tertiary. Eastman; sp. gr., 20/20, 0.815. 

Amy] alcohol-chloroform mixtures. The calculated volume of amyl 
alcohol diluted to 1 liter with chloroform. 

Butanol (normal). Baker’s Analyzed; sp. gr., 25°, 0.8080 (butyl alcohol, 
normal). 

Butyl alcohol-chloroform mixtures. The calculated volume of butyl 
alcohol was made up to 1 liter with chloroform. 

Chloroform. Baker and Adamson; sp. gr., 20/20, 1.490. 

Fumaric acid. M.p. 286°; neutralization equivalent 58; sublimes at 
200°. Chas. Pfizer and Company, Brooklyn, New York. 

Silica gel. Commercial sodium silicate was allowed to stand for 10 to 4 
hours under 4 liters of water. The solution was filtered and an approxi 
mate value for total solids was obtained; this guided the dilution so that 
the sodium silicate solution had a final concentration of 20 + 2 per cent 
(weight per solution volume). Several drops of methyl orange were 
added and 10 n hydrochloric acid was added in a fine stream until the 
indicator became pink. 150 to 200 ml. were then added in excess and the 
mixture was allowed to stand for 3 hours, after which it was filtered on 
Biichner funnel. The gel was suspended in 3 liters of 10 N hydrochloric 
acid overnight, filtered by suction, and washed with 5 liters of 5 n hydro 
chloric acid, 10 liters of distilled water, 10 liters of absolute alcohol, and 
finally 5 liters of dry ether. The powder was dried in a warm current of 
air and, after standing 2 weeks, was suspended in 4 liters of 10 n hydro 
chloric acid and allowed to stand overnight. The material was filtered 
by suction, washed with 5 liters of 5 n hydrochloric acid, 50 liters of water, 
and 10 liters of absolute alcohol containing 1 per cent (by weight) of 10% 
sulfuric acid. Washing with ether completed the process. The gel was 
air-dried and before using was dried for a minimum of 24 hours over 
phosphorus pentoxide. That silica gel which passed, with gentle brushing, 
through a No. 90 mesh sieve was used. 
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Thymol blue indicator. 40 mg. of thymol blue were triturated in a 
mortar with 4 ml. of 0.1 N sodium hydroxide. The solution was washed 
into a 200 ml. volumetric flask, made to volume with water, and filtered. 


Procedure 


Calibration —3 ml. of a solution of 0.5 N sulfuric acid are added to 3 gm. 
of dried silica gel. ‘To this mixture are added 35 ml. of chloroform and the 
suspension is introduced into an 8 mm. glass tube, 1 meter in length, and 
closed at the bottom with a cotton plug fitted into a slightly constricted 
end. Chloroform is allowed to pass through the tube until the column 
settles as a contiguous mass. The surface of the column is kept moist with 
1 ml. additions of chloroform. When the column settles as a single mass, 
the last portion of chloroform on the surface of the column is allowed to 
disappear and immediately 1 ml. of a 1 mg. per cent solution of pure fumaric 
acid in a 10 per cent amyl alcohol-chloroform mixture is added. Immedi- 
ately after the pure fumaric acid solution has drained into the column, | ml. 
of 5 per cent amy! alcohol-chloroform is introduced; two additional sepa- 
rate portions are added, each being allowed to drain into the column. 
When the last added portion disappears, the receiver is changed to a 25 
ml. test-tube in a rack which contains thirteen (or more) similar test-tubes, 
the tubes being identified by number, t.e. Tube 1, 2,3, ete. The column 
is quickly filled with 5 per cent amyl alcohol-chloroform, the meniscus 
of which becomes the zero on a movable “volume flow’ scale placed 
against the column. ‘The collecting tubes are changed so that the numbers 
on the receivers correspond to the interval opposite the falling meniscus, 
t.e. Tube 2 at scale interval 2, Tube 3 at scale interval 3, etc. The scale 
is prepared from wood strips having the dimensions of an ordinary meter 
stick with a scale graduated so that the length of the intervals on the scale 
progresses geometrically. Interval lengths are thus the products of 1.25 
and the antilogarithm of 0, 0.05, 0.10, 0.15, 0.20, etc. The value 1.25 is the 
height of a 0.5 ml. volume of water standing in the glass tubing selected 
for the columns used. Collection of the samples in geometric progression 
as described reduces the titration error, particularly in the later samples 
which would contain increasingly smaller concentrations of fumaric acid 
per unit volume if linear collections were made. While the collections 
are proceeding, 1 drop of thymol blue indicator (see ‘“‘Reagents’’) is placed 
in each of the tubes. The first tube which shows indicator discharge marks 
the beginning of the approximate fumarate position; collections are con- 
tinued in this way until the effluent amyl alcohol-chloroform solution 
ceases to change the indicator color to red. The tube before the first tube 
which shows indicator discharge, the tube after the last tube which shows 
indicator discharge, and each tube showing indicator discharge are then 
titrated with 0.004 n sodium hydroxide with a 2 ml. micro burette. The 
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titration is conducted by admitting small amounts of the standard alkali 
and shaking until the first blue tint appears through the emulsion. 
Each value (ml. of 0.004 n NaOH) obtained is plotted against the fraction 
number and the accumulated titrations are calculated to fumarie acid 
by the formula 


Mg. fumaric acid = F 


where ¢ = ml. of sodium hydroxide required for the fraction, a = the first 
fraction measured (1.e., the tube before the first tube containing discharged 
indicator), o = the last fraction measured (t.e., the tube after the last tube 
which showed indicator discharge), and F = normality of the sodium 
hydroxide X 58.0. 

After three determinations have established a recovery error of less than 
5 per cent, the plotted curves are compared. When the mode (peak of 
the curve) for each curve occurs at the same interval and when the volumes 
of standard alkali indicated by the mode are equal within a range of 0.03 
ml., the procedure may be checked by using a mixture of acids containing 
fumaric acid (e.g., acetic, fumaric, and malic acids). The position of 
fumaric acid in the effluent phase is thus determined and the interval or 
fraction at which fumaric acid first appears, the fraction number at the 
mode, and the fraction number marking the complete release of fumaric 
acid from the column are used as guides for subsequent measurements. 
When either reagents or apparatus are changed, the calibration must be 
repeated. 

Preparation of Sample for Measurement; Deproteinization— Approximately 
10 gm. of the minced sample of tissue (or 10 ml. of blood or plasma) are 
mixed with acetone and the suspension is transferred to a 200 ml. volu- 
metric flask. 1.2 ml. of 10 n sulfuric acid are added and acetone is in- 
troduced until the level of the total mixture is within 5 to 10 ml. of the 
mark. After mixing, the flask is refrigerated overnight. Finally, the 
volume is adjusted to the mark with acetone and the mixture is filtered 
through a 15 cm. No. 50 Whatman filter paper. Three 40 ml. aliquots 
are taken to apparent dryness by placing them under an infra-red lamp 
and directing a current of air over them, the height of the lamp being 
adjusted so that the acetone will not boil. Overheating is to be avoided 
because of the possibility of esterification with the solvent. To the dry 
residue is added 1 ml. of 2.0 n sodium hydroxide. After the alkali 
mixed with the extract, the pH is adjusted to 2 + 0.5 with dropwis 
additions of 5 N sulfuric acid, by using indicator paper (Hydrion). Water 
is then added until the total volume is 2 ml. The acid-acetone procedure 
does not free the material completely from biuret-positive materials, but 
any such materials remaining do not appear to interfere with the meat 
urement. 
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Transfer to Non-Aqueous Phase—The above extract, or an equal volume 
of aqueous non-protein solutions of fumaric acid, such as urine, adjusted 
to pH 2 + 0.5 is mixed intimately with 2 gm. of silica gel (see ‘““Reagents”’), 
suspended in 20 ml. of chloroform, and the suspension is poured into the 
column. As the chloroform drains through the silica gel, the top of the 
silica gel column is kept moist with repeated small additions (1 ml. each) 
of chloroform from a dropping pipette. When the silica gel column settles 
to an unbroken mass, the chloroform above the top of the silica gel is 
permitted to disappear into the column and immediately the column is 
filled with 30 per cent amyl alcohol-chloroform. The first 5 ml. of the 
liquid issuing from the column are discarded, then the flow is continued 
until 45 ml. of amyl alcohol-chloroform are collected, the column being 
refilled to maintain the flow. This amyl alcohol-chloroform mixture con- 
taining the fumaric acid is taken to dryness at room temperature by 
directing moving air over the material and the residue is set aside for 
measurement. 

Measurement of Sample—To the foregoing residue are added 1 to 1.5 
ml. of a 10 per cent amyl alcohol-chloroform solution, and after swirling 
the beaker so that the sides are rinsed with the solvent, it is covered with 
a watch-glass and allowed to stand for 1 hour. The material in amv! 
alcohol-chloroform is introduced on the surface of the column, prepare: 
according to the procedure under the preliminary preparation for the 
analysis, and the beaker is rinsed twice with 0.25 ml. quantities of 10 per 
cent amyl alcohol-chloroform solution. The procedure for the measure- 
ment of fumaric acid then follows that presented under the calibration 
procedure. 

Calculations—Since the above operations give mg. of fumaric acid meas- 


ured, the concentration of fumaric acid in the sample tested is calculated 
as follows: 


0c mg. fumaric acid measured X P X 100 
» = W 


where C = concentration in mg. per cent of fumaric acid, P = aliquot fac- 
tor in deproteinization, and W = sample weight. 


Interference and Recovery Data 


Studies were first undertaken to ascertain whether the organic acids 
known to occur in animal materials could be adequately separated by means 
of a silica gel column employing the aqueous alcohol-chloroform system 
and thus be shown not to interfere with the estimation of fumaric acid. 
To this end the method for preparation of the sample described above 
was followed. For the estimation of these acids the entire band of the 
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acid was measured instead of separate fractions as above. Fractions were 
not collected because “thiamine adsorption tubes” instead of the regular 
columns were used. The smaller columns permitted measurement of the 
acids which were released more slowly than fumaric acid in a shorter time. 
The position of each acid was determined by first examining when and 
where the acid would occur in the effluent phase. Acids immediately on 
either side of fumaric acid or coming before fumaric acid were released from 
the column with lower concentrations of alcohol-chloroform, while later 
acids required higher concentrations. Positions for malic, lactic, and | 
oxalic acids, with 20 per cent butanol-chloroform, and citric acid, with 
35 per cent butanol-chloroform, were similarly determined. The position 
of succinic acid was determined with 10 per cent butanol-chloroform. The 
position of fumaric acid was determined with 4, 5, and 10 per cent butandl- 


TaBLe I 
Recovery of Acids from Aqueous Solutions 
The results are expressed in mg. 


Mixture I Mixture I Mixture III 


a Acid Acid Acid Acid Acid Acid 

added found added found added found 

0.75 0.73 1.50 1.50 2.30 2.47 
0.25 0.29 0.50 0.46 1.50 1.13 
1.0 1.16 3.10 3.14 
3.40 3.25 
5.51 4.79 


chloroform. The distribution coefficient for the acid under consideration 
would largely determine the phase selected; 1.e., acids less soluble in buty! 
alcohol and more soluble in water would require larger amounts of butyl — 
alcohol than acids whose solubilities with respect to these phases wer — 
reversed. When amyl] alcohol was substituted for butyl alcohol, the 
positions for the acids remained unchanged. In a previous report (Mar 
shall, Orten, and Smith (6)) the sequence of acids is given. When aci — 
mixtures were analyzed, the mobile phase was changed while the analysi 
was in progress by adding the new mobile phase immediately after th 
effluent acid of the previous phase was released. This addition of ne* 
non-aqueous phase followed the removal of any mobile phase, already 
present above the column, by means of a pipette. 

With these techniques, pure acid mixtures were analyzed and th 
results are given in Table I. Additional mixtures were tested for interfer 
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ence alone. Pyruvic, glutamic, aspartic, uric, acetic, 6-hydroxybutyric, 
aconitic, tricarballylic, oleic, palmitic, malic, malonic, and creatine rep- 
resent a partial list of other acids which were found not to interfere 
with the measurement of fumaric acid. 

Studies of the recovery of pure fumaric acid added to various biological 
fluids and tissues were made (see Table II). Varying quantities of fumaric 
acid were added to urine, which was found to contain no detectable amount 
of this acid. 

Although it was known that large molecules could interfere with parti- 
tion in the chromatographic process (Martin and Synge (7)), the attempt 
was made to analyze some biological materials without prior separation 
of the contained protein. Whole blood, under these conditions, could 
not be analyzed because the discharge of acid hematin into the collecting 
vessels masked the color of the indicator during titration. The dats 
indicate a somewhat high recovery of fumaric acid added to fresh plasma | 
without previous deproteinization. However, satisfactory recoveries of 
fumaric acid added to plasma and then deproteinized with acid-acetone 
were obtained. 

On the supposition that there might be interference by compounds 
having peptide linkages, but not necessarily protein, an enzymatic hydro. 
lysate of casein was analyzed after fumarate was added. Satisfactory 
recoveries were obtained. 

Satisfactory recoveries of small amounts of fumaric acid added to liver 
and muscle were also obtained. 


Application to Tissues 

To apply the method to the determination of fumarate in tissues under 
carefully controlled conditions, eighteen normal adult rats of the August 
by Copenhagen strain’ were maintained on a stock ration of commercial 
dog chow. Twelve of these animals having weights of 285 + 15 gm. wer 
selected and fasted 18 hours. They were then anesthetized by intraper- 
toneal injections of pentobarbital sodium and after 15 minutes the animal — 
were opened by a ventral abdominal incision and exsanguinated from 
the aorta. The blood was pooled in a heparinized vessel and the liver, 
kidney, gastrocnemius muscle, and brain were removed, also pooled, and 
immediately frozen with dry ice. The pooled tissues were crushed tos 
fine powder which was weighed while cold, but not frozen. After home 
genizing in a Waring blendor with acetone, the material was transferred 
quantitatively from the blendor into a volumetric flask with acetone and 
from this point the procedure followed that previously outlined. 


1 Appreciation is expressed to Dr. Wilhelmina Dunning of the Department ¢ 
Pathology for furnishing these rats. 
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Blood—When samples of blood having a weight of 4 gm. were chro- 
matographed, titratable acidity was not evident in the interval samples on 
either side of the interval mean. That there appeared some acidity in 
Fraction 25 (the mode, as previously described), however, suggested the 
likelihood that some fumaric acid was present. The use of a 12 gm. 
sample confirmed this observation; yet the quantity present was not 
sufficient to acidify every interval. This accounts for the values for blood 


T 


19 2) 23 25 27 29 31 
FRACTION NUMBER 


ML. 0.004 N. NaOH 


Fig. 1. An estimation of fumaric acid in a 12 gm. sample of blood. The dashed 
portion of the line indicates that the acidity of these samples was too small to meus 
ure. These data indicate that the fumarie acid content of whole blood was less 
than 0.3 mg. 


0.6 T T 7 T T 
0.6 
a 


L | i a j 
FRACTION NUMBER 


Fic. 2. The results of the first measurement of fumaric acid in brain tissue. The 
stippled area indicates the concentration of fumaric acid calculated from the titra- 
tion of Fraction 25 (the mode of the theoretical curve); the value is 14 mg. per cent. 


being expressed as “less than 0.3 mg. per cent.”’ The data for the measure- 
ment are shown in Fig. 1. 

Brain—Brain lipides reduced the rate of flow through the column, 
samples of brain weighing 5 gm. requiring 18 hours for the chromatographic 
process. When the sample of brain was smaller, however, the rate of 
flow approached the normal. The data are shown in Fig. 2. It is evident 
from the nature of the curves plotted from the titration values that two 
other acids in addition to fumaric were titrated and that one of these 
interfered with the determination of fumaric acid. The nature of these 
two acids was not determined. However, when the effluent material 
from a similarly treated sample of brain was chromatographed through 
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a second column, the data of Fig. 3 were secured. These data showed g 


fumaric acid concentration in normal brain of 15 mg. per cent under the 
conditions of the experiment. 

Since repeated measurements of pure fumaric acid added to tissues 
indicated that total acidity in the logarithmically increasing volumes of 
the effluent plotted against fraction number described a curve which 


0.8 
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0.4 — 
o 
0.2 

re) i | ] 


FRACTION NUMBER 


Fic. 3. An aliquot of the brain sample (Fig. 2) after redistribution through s 
second column. The similarity between this curve and the theoretical curve 
(Fig. 2) confirms the identity of the fumaric acid and indicates a concentration 
in the sample of 15 mg. per cent. 


Taste III 

Observed Distribution of Fumarate in Pooled Tissues of Twelve Rats Fasted 18 How 
Average 

No.of | 4 “tea 

determina- | | deviation | ,fumane 

measured per 100 gm. 

wet tissue 

Gastrocnemius muscle..................... 4 127 7.8 2.3 
3 16 <0.3 


* Range of measured values, 40 +. 


approximates the normal curve of error, the rechromatographed curve 
for brain (Fig. 3), therefore, was examined for normality. With the mot 
at Fraction 25 and Fractions 19 to 31 representing the intervals of 4 
frequency distribution (frequency of hydrogen ions), cumulative frequet 
cies were plotted on probability graph paper. The “fitted’’ cumulative 
normal distribution (Wilks (13)), a straight line through the previously 
plotted cumulative frequencies, gave the dotted area of Fig. 2. Ths 
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stippled area thus became a “corrected curve” for the original data which 
permitted the heavy curve of Fig. 2. This similarity between the observed 
curve and the theoretical curve thus supported further the value for normal 
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io 14 #6 8 20 22 24 26 
FRACTION NUMBER 
Fig. 4. The shift in mode of the curves showing the concentration of fumaric 
acid in successive intervals illustrates the influence of change in composition of 
the mobile phase. @, 10 per cent amyl alcohol-chloroform; O, 5 per cent amyl 
alcohol-chloroform; @, 4 per cent amy! alcohol-chloroform. 
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leaf 
= 
iO 12 14 16 18 10 14 16 18 20 2224 
FRACTION NUMBER 
Fia. 5. The separation of fumaric and acetic acids from a mixture by the uS@ ef @ 
mobile phase containing a lower concentration of amyl] alcohol. ihe i 


Liver and Muscle—In four samples of liver, in which the average mass 
of fumaric acid measured was 172 y, there was represented a concentra- 
tion in liver of 7.8 mg. per cent. The average weight of fumaric acid 
measured in four samples of muscle was 127 +, which corresponded to a 
concentration of 2.3 mg. per cent. This value is somewhat lower than 
that reported for pigeon breast muscle by Annau et al. (1). However, 
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the method emploved by these investigators was undoubtedly less specific 
than the present one. Satisfactory recovery data for these tissues wer 
secured, as shown in Table IT. 

Kidney—-Because of the large standard deviation for the average value 
obtained with kidney tissue, Table IL], additional evidence was sought — 
concerning the homogeneity of the effluent fumaric acid. In this connec. — 
tion a column made from glass tubing having an internal diameter of § 
tum. Was used. The position of fumaric acid was ascertained by employ. 
ing 10, 5, and 4 per cent amyl alcohol-chloroform. These positions are 
indicated in Fig. 4. The tendency of this curve displacement to resolve 
acid mixtures is demonstrated by the effect of the change in composition 
of the mobile phase on the separation of a mixture of fumaric and acetic 
acids as shown in Fig. 5. The value for fumaric acid concentration ip 
kidney tissue so resolved (Fig. 6) was 9.5 mg. per 100 gm. of wet tissue 


0.4 7 7 T 


0.2 


i 
16 i8 20 22 24 26 
FRACTION NUMBER 


Fig. 6. Graphic representation of the estimation of fumaric acid in kidney tissue. 
Solid line, 4 per cent amyl alcohol-chloroform; dash line, 5 per cent amyl alcohol- 
chloroform. This verifies both the identity and the homogeneity of the acid being 
measured (see Fig. 4). 


ML. 0.004 N. 


DISCUSSION 


The amounts of fumaric acid found in the various tissues analyzed 
afe surprisingly large and probably reflect the metabolic activity of the 
since fumaric acid is believed to be an important intermediate in 


“@ietedign of carbohydrates, fats, and proteins. The significantly hig 
Conésntration in brain, for example, may be related to the alleged ex | 
éhausive gse of carbohydrate for energy by this tissue. The concentratia ) 
Of fyeasrate in kidney might suggest that fumarate, like citrate, is the 
counterpart of urinary ammonia in acid-base mechanisms. The relatively 
large amount of fumaric acid in the liver is in harmony with the recognised 
position of this organ in the intermediary metabolism of the major food 
stuffs. The low blood fumarate found suggests the lack of mobility d 
tissue fumarate. These questions, of course, can be answered only by 
further experimental work. The chromatographic method for fumant 
acid just described would appear to be ideally suited for this purpose, sine 
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it is possible to determine not only fumaric acid but also, and on the same 
samples, citric, malic, succimic, and perhaps other organic acids involved 
in the final oxidative disposition of metabolites. 


SUMMARY 


A satisfactory method for the determination of small amounts of fumaric 
acid in biological materials by partition chromatography is described. 
The procedure can be used to determine as little as 0.05 mg., and is spe- 
cific. Satisfactory recoveries of small amounts of fumaric acid added to 
the urine, plasma, casein hydrolysate, liver, and muscle were obtained. 

Several tissues of the normal rat were examined for fumarate con- 
centration. Brain showed the highest concentration, with kidney and 
liver next. The lowest concentration of fumaric acid of the tissues 
tested was observed in blood 
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THE METABOLISM OF a-ESTRADIOL IN VITRO* 


By W. H. PEARLMAN anp R. H. DeMEIO 
(From the Department of Biochemistry, Jefferson Medical College, Philadelphia) 


(Received for publication, February 26, 1949) 


It has been repeatedly demonstrated that estrogens are inactivated in 
vivo, and from experiments conducted both in vivo and in vitro it appears 
that the liver is the major site of estrogen inactivation (1, 2). Although 
the inactivating mechanism has been studied (3-8), the nature of the 
metabolites formed in vitro has not been ascertained by actual isolation 
and identification. The present investigation was undertaken with the 
latter object in mind. 

a-Estradiol-17-hemisuccinate was dissolved in a Krebs-phosphate me- 
dium buffered at pH 7.4 and incubated with rat liver slices at 37° for 4 
hours. The ratio of hormone to liver tissue was approximately 1:500 
parts by weight; in all, 845 mg. of a-estradiol (as hemisuccinate) were 
used. On extraction and fractionation of the incubation mixture, 54 
mg. of estrone and 328 mg. of a-estradiol were obtained in crude crystal- 
line form. ‘These products were purified and identified by melting point 
and mixed melting point determinations with the corresponding authentic 
specimens; estrone was further identified by carbon and hydrogen analysis 
of the acetyl derivative. The data on the recovery of the various phenolic 
fractions are summarized in Table I. 


EXPERIMENTAL! 


Preparation of a-Estradiol-17-hemisuccinate—The procedures followed 
were similar to those previously described by Pincus and Pearlman (9) 
for the preparation of this derivative, except that ether-pentane was sub- 
stituted for aqueous methanol as a solvent for crystallization. Beautiful 
white needles were obtained, m.p. 165-165.5°. 


CuHsO;. Calculated, C 70.94, H 7.58; found, C 70.96, H 7.74 


Incubation—A total of 845 mg. of a-estradiol in the form of its 17- 
hemisuccinate was incubated with male rat liver slices in ten runs. Run 
1 is described as a typical experiment. A solution of 84 mg. of a-estradiol 
(as hemisuccinate) in 1 ml. of ethanol was added dropwise with shaking to 
840 ml. of a Krebs solution which had been buffered with phosphate to 

* This work was supported by grants-in-aid from the United States Public Health 


Service, and from the Ciba Pharmaceutical Products, Inc., Summit, New Jersey. 
' All melting points reported here are corrected. 
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pH 7.4 and which contained no glucose. The solution of estrogen was 
equally distributed in six culture type Roux bottles, and to each bottle 
were added 7 gm. of liver slices obtained with the aid of a Stadie-Riggs 
microtome. The bottles after capping with rubber (the gas phase was 
air?) were placed on a mechanical vibrator for 4 hours in an incubator 
at 37°. The incubated material from Runs 1, 2 to 5, and 6 to 10 wer 
worked up separately by methods described below; pooled incubation 
mixtures were maintained in a frozen state prior to extraction. 


Extraction and Fractionation Procedures—The supernatant fluid was de — 
canted and the liver slices washed with a little water. The aqueous phag — 


was acidified to pH 3 with dilute HCI and gently shaken once with 0.5 vd 
ume, and three times with 0.3 volume of butanol. The butanol extracts 
were neutralized with a drop or two of concentrated NH,OH and evapor. 
ated in vacuo. Meanwhile, the liver slices were ground with sand and re 


peatedly extracted with liberal quantities of boiling methanol. The — 


methanol extracts on cooling to room temperature deposited some insoluble 
material which was removed prior to evaporating the extracts in vacuo. The 
residues from the butanol and methanol extracts were combined and dis 
tributed between water (acidulated to pH 3) and ether; the aqueous phas 
was further extracted with ether. The ether extracts were combined and 
back-washed with a little water. The aqueous phase (I) was saved (se 
below). The ether contained a small quantity of acidic material (II) 
which was removed prior to evaporation. The residue (neutral substance 
plus phenols) was distributed between petroleum ether and 90 per cent 
methanol. The latter phase was brought to dryness and treated with 
acetone; the acetone-insoluble material was repeatedly taken up in aleo 
hol and precipitated with acetone. The acetone-soluble material thu 
obtained was taken up in benzene and extracted four times with equal 
volumes of N NaOH. The alkaline extracts were acidified to Congo red 
and thoroughly extracted with ether to obtain the “free’’ phenols. Re 
peated partitioning of the latter between benzene and 0.3 m Na,O0, 
(10) yielded strongly acidic and weakly acidic phenols. The latter wer 
separated into ketonic and non-ketonic moieties with the aid of Girard’ 
Reagent T (11). For the weights of the respective phenolic fractions ani 
of the crystallizates obtained therefrom, see Table I. 

Ketonic Weakly Acidic Phenols—This fraction was easily induced # 
crystallize on treatment with aqueous ethanol. The crude crystals (Rum 
1 to 10, see Table I) were pooled and further purified from the same solveti 
to yield 23 mg., m.p. 258-259°. It gave no depression in melting point @ 
admixture with authentic estrone. Acetylation of a specimen of the is 


* DeMeio et al. (8) observed complete inactivation of a-estradiol by liver slices 
oxygen or in air. 


3 
0 
P 
fr 
ol 
ci 
el 


SEU 


Ss 


Run 
vent 
it 
ist 


W. H. PEARLMAN AND R. H. DEMEIO 1143 


lated product yielded crystals, m.p. 123-124°, which gave no depression 
in melting point on admixture with authentic estrone acetate. 


CwHaOs. Calculated, C 76.89, H 7.74; found, C 76.75, H 7.76 


Non-Ketonic Weakly Acidic Phenols—Crude crystals (Table I) of 
a-estradiol formed readily from this fraction on treatment with aqueous 
ethanol. These were pooled, repeatedly crystallized from the same sol- 
vent to yield a product, m.p. 174-176°, which did not depress the melting 
point of authentic a-estradiol on admixture. 

The mother liquor from the above was worked up to yield an additional 


TaBLe I 
Incubation of a-Estradiol; Recovery of ‘‘Free’’ Phenols* 
The weights are expressed as mg. 


weer Weakly acidic phenols Strongly 
Estradiol 
Run No. | “incubated Total Total non- 
ketones ketones a-estiadiol 
1 18 3 ~ 
2 5 339 25 14 
6-10 422 37 25 
Total.....| 845 80 424 


* Very little “‘conjugated” or esterified phenol was contained in extracts of the 


incubated material; no crystalline estrogens could be isolated from such fractions 
after hydrolysis. 

t Calculated content; the estrogen was incubated as the 17-hemisuccinate. 

t An additional 12 mg. of crude estrone and 56 mg. of crude a-estradiol were iso- 


lated from the respective pooled mother liquors; digitonin was employed to ad- 
vantage in the latter instance. 


31 mg. of crude a-estradiol. The 76 mg. of material remaining in the final 
mother liquor were combined with 113 mg. of non-crystalline material 
obtained from the benzene phase on partitioning the pooled strongly acidic 
phenols (Table I) between benzene and 0.2 m Na,HPO,2 From this 
fraction (76 + 113 mg.), 44 mg. of digitonin-precipitable material were 
obtained; it yielded 25 mg. of crude a-estradiol. The non-digitonin-pre- 
cipitable material was acetylated and chromatographed but none of the 
eluates could be induced to crystallize. 

Strongly Acidic Phenols—The pooled material (445°mg., Table I) was 

*Friedgood et al. (12) claim that benzene-0.3 m NasCO, partitioning is grossly 


insecurate for separating estriol from the estrone-estradiol fraction, and recommend 
instead benzene-Na;:HPQ, partitioning. 
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distributed between benzene and 0.2 m Na,HPO, (12); 113 mg. of phenols 
remained in the former phase. The benzene-insoluble material was acety. 
lated and chromatographed but no crystalline eluates could be obtained, 

Other Fractions—The following fractions were also examined in the 
search for estrogen metabolites but without success: the “free” neutral 
substances (90 per cent methanol fraction after partitioning with petro. 
leum ether), the phenols from the alkaline hydrolysate of the “free’’ acids 
(II), and the phenols from the acid hydrolysate of the aqueous phase (J) 
(see above); the weights of these fractions were respectively 67, 189, 
and 56 mg. 


DISCUSSION 


These in vitro experiments, which are based on the actual isolation ¢ 
metabolic products, indicate that a-estradiol can be converted into estrone, 
a process which is also known (1, 2) to occur in vivo. That estrone is not 
the sole metabolite may be inferred from the fact that only about half d 
the estrogenic substance incubated could be recovered as biologically ae. 
tive material. Other products such as 6-estradiol and estriol, which ar 
formed in vivo (1, 2) from either estrone or a-estradiol, were sought for ia 
the present study but without success.® It is noteworthy, however, that 
the strongly acidic phenolic fraction was comparatively large (see Table 
I); this fraction might have been expected to contain estriol. Efforts to 
cast light on the nature of the biologically inactive metabolites of estro 
genic hormones, a subject of much conjecture, proved fruitless: the frae- 
tions examined were the neutral substances and acids. 


SUMMARY 


Following incubation of a-estradiol-17-hemisuccinate with surviving rm 
liver slices, a small amount of estrone (6 per cent of the original a-estradia 
content) and a-estradiol (about 40 per cent) were isolated. As much as# 
per cent of the incubated estrogen thus remains unaccounted for. 


‘ Any a-estradiol hemisuccinate failing to undergo hydrolysis during incubatia 
would have appeared in this fraction. The fact that noa-estradiol could be isolate 
from this fraction following alkaline hydrolysis indicates that in vitro hydrolysis¢ 
the ester was practically complete. By way of comparison, it is noteworthy thi 
Schneider and Mason (13) observed a rapid hydrolysis of dehydroisoandrosterot 
hemisuccinate when incubated with liver slices. 

‘In earlier experiments by DeMeio et al. (8), wherein the biological inactivate 
of hormone was complete, the ratio of a-estradiol to liver tissue was 1:5000 parts 
weight. 

* An explanation might be sought in the well recognized réle that species dife 
ences play in estrogen metabolism. 
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A CHEMICAL METHOD FOR THE DETERMINATION OF 
MANNOSIDOSTREPTOMYCIN 


By D. PERLMAN 


(From the Division of Microbiological Development, E. R. Squibb and Sons, 
New Brunswick) 


(Received for publication, February 11, 1949) 


Several analytical methods have been suggested for the determination of 
mannosidostreptomycin (streptomycin B) (5, 6). Titus and Fried (6, 
12) and Plaut and McCormack,! who have utilized the quite specific and 
quite accurate but yet laborious counter-current distribution methods 
(previously described by Craig) for the isolation and determination of 
streptomycin B, have noted a number of difficulties that are encountered 
under certain experimental conditions. Another method is that described 
by Schenck e¢ al. (10) who have combined the maltol test (11) with the 
microbiological assay. Inasmuch as streptomycin B shows lower anti- 
biotic activity against many microorganisms than does streptomycin A 
(6, 9), they assume that it is possible to apply simultaneous equations to 
the results obtained with these assay methods and thus determine the 
relative quantities of streptomycins A and B present in the preparations 
under examination. This is theoretically sound if all the antibiotic activity 
is derived from the streptomycins A and B present, and if streptomycin 
A and streptomycin B potencies are additive in antibiotic effect. How- 
ever, this analytical system inherits the difficulties present in both of the 
methods, including the effect of miscellaneous materials such as metallic 
ions and carbohydrates on the maltol assay and on the bioassay (2). 
Also, the bioassay requires a rather long incubation period. 

Consideration of chemical methods adaptable to the determination of 
streptomycin B suggested that the determination of the mannose moiety 
might serve satisfactorily. This determination could be combined with 
the maltol analytical method (by which total streptomycin is measured), 
and the quantity of streptomycin A present in the sample determined 
by difference. The carbazole test has been used for the identification and 
estimation of mannose and other reducing sugars by several investigators 
(1, 3, 7, 8) and offered promise as a quantitative method (7).? 

'Plaut, G., and McCormack, R. B., unpublished work. 

*Several months after the procedure here was devised and while this manuscript 
was in preparation, a preliminary announcement by Emery and Walker (4) indicated 
that the anthrone reagent was also adapted for use in determination of the mannose 
moiety of streptomycin B. Preliminary observations in this laboratory have in- 
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Analytical Method 

After some preliminary stucy the following analytical procedure, 
which is similar to that of Gurin and Hood (8), was adopted and found 
to give satisfactory results. A sample containing 0.05 to 0.15 mg. of 
streptomycin B hydrochloride (equivalent to 0.004 to 0.131 mg. of free 
base) is diluted to 2 ml. with distilled water in a standardized colorimeter 
tube and chilled in an ice bath. 5 ml. of concentrated sulfuric acid are 
added dropwise with shaking to prevent rise in temperature of the solution. 
Exactly 0.50 ml. of a carbazole solution (0.5 gm. of carbazole, commercial 
grade, dissolved in 100 ml. of 95 per cent ethanol) is added to each tube, 
and the contents of the tube are well mixed. When all of the samples and 
standard solutions of streptomycin A and streptomycin B have been so 
treated, the group of colorimeter tubes contained in a rack is placed in 
a vigorously boiling water bath for a 10 minute heating period. At 
the end of this interval, the tubes are removed from the bath, cooled to 
room temperature, and compared in a photoelectric colorimeter at two 
wave-lengths with a distilled water blank to which have been added the 
carbazole and sulfuric acid reagents. With the Evelyn photoelectric col- 
orimeter, the 540 and 660 my filters have been used. 

In the tubes containing only streptomycin B, a purple-red color is 
formed under these conditions, while in tubes containing only streptomy- 
cin A the color formed is a yellow-brown. Intermediate colors are found 
in tubes containing mixtures. The colored complex formed with strepto- 
mycin B gives an absorption maximum between 520 and 560 may, and the 
colored complex formed with streptomycin A under these conditions also 
absorbs in this region. Since absorption by the streptomycin A complex 
is significant, corrections must be made for the presence of streptomycin 
A in the samples. At 660 my the absorption of the two complexes is 
practically identical, and the quantity of streptomycin B present in the 
samples is therefore calculated by application of the equation 


where B is the quantity of streptomycin Bb in the sample expressed in mg, 
Deso and Dy the extinction coefficients as determined in the photoelectne 
colorimeter,? C, and Cs, are the Beer’s law constants at 540 my per mg. 


dicated that, as for the carbazole reagent used in the method described here, th 
anthrone reagent is not quite specific for streptomycin B, and correction must be 
made for the presence of streptomycin A. 

* If the 0 to 100 scale is used, as in the Evelyn instrument, D can be calculated 
from a 2 — log G table. 
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of streptomycins A and B respectively, and C4, and Cs, are the constants 
per mg. of streptomycins A and B at 660 my. This method of calculation 
depends, of course, on the applicability of Beer’s law, which was confirmed 
by experiment. Inasmuch as the constants vary slightly from one group 
of analyses to another, standard samples of streptomycin A and strepto- 
mycin B are included with each, and constants are separately determined 
for each group. ‘Two or three replicates of two dilutions of each sample 
and standard are included in each group. The analysis is completed by 
calculating first the Beer’s law constants for each group from the extine- 
tion coefficients determined with the standard streptomycin A and B prep- 
arations. Per mg. of the pure hydrochloride, the range in C,4,/C,4 ob- 
served has been 0.45 to 0.88; that of Cs, 3.1 to 4.8; and that of Cz,, 0.80 
to 1.30. 


DISCUSSION 


The absorption spectra of the complexes formed by streptomycin A, 
streptomycin B, mannose, and streptobiosamine* with this reagent under 
these conditions have been studied and the measurements (as compared 
with the blank cell containing the carbazole and sulfuric acid) are sum- 
marized in Fig. 1. 

The procedure has been used in the analysis of many mixtures of strep- 
tomycin A and streptomycin B, and typical results are presented in Tables 
Tand II. It will be noted that in some cases the recovery of streptomycin 
B is slightly high. Analysis of unknown mixtures presents a slightly differ- 
ent problem, as a number of possible interfering materials may be present. 
The analyses presented in Table II are typical for unknown mixtures of 
streptomycin A, streptomycin B, and inert inorganic material. Analysis 
of Sample B by the counter-current distribution method indicated the 
presence of 0.39 mg. of streptomycin B per mg. of sample, and 0.55 mg. 
per mg. of sample for Sample C. All streptomycin preparations used in 
these experiments have been hydrochloride salts, and the analyses are 
stated in terms of these salts. Experiments indicate that other salts (e.g. 
calcium chloride double salt, sulfate) may also be used with correction 
for the differences in molecular weights. 

A number of inorganic and organic substances will interfere with the 
determination of streptomycin B by this method. As pointed out by 
Dische (1), Gurin and Hood (7), and Egami (3), many reducing sugars 
react similarly to mannose. Nearly all carbohydrates tested formed com- 
plexes with strong maxima at 540 my. Of course, the determination by 
this method of streptomycin B in samples containing reducing sugar is not 
feasible, as is shown in Table III. Such substances as amino acids, glye- 


*We are indebted to Dr. J. Fried for this material which was free of strepto- 
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erol, glucosaminic acid, chondrosaminic acid, glucosamine, and N-methyl- 
L-glucosamine do not interfere with this test, and recovery of streptomycin | 


u— Streptomycin B (0.118 
—— Streptomycin mmol sx 

Mannose (0.118 } 
Streptobios amine (0. 118 mmolsxf0 = 


WAVE LENGTH (mu) 
Fig. 1. Absorption spectra of reaction product formed between carbazole reagent 
and streptomycins and related compounds. 


Taste 
Analyses of Known Miztures of Streptomycins A and B 
Composition of mixture ~~ Recovery 
me per cont 


B in the presence of these substances was satisfactory. It was noted 
that the yellow color formed by samples of octyl aleohol and pentasd 
interfered with the determination of streptomycin B. As indicated 2 
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Table IV, certain inorganic ions such as iron, copper, cobalt, and chromium 
also interfere with the determination of streptomycin B. In most cases, 
the quantities of these inorganic ions necessary to result in colored solu- 
tions are greater than those expected in samples susceptible to analysis 
by this method. 

Extensive use of the analytical procedure has indicated that the tubes 
should not be exposed to sunlight. Such exposure results in the carbazole- 
sulfuric acid solution becoming a rather deep green, and leads to rather un- 
satisfactory determinations. Care must also be taken in the addition of 
the sulfuric acid to the solution containing the streptomycin. If the 
temperature of the solution rises during the addition of the acid, the results 


Taste II 
Analyses of Unknown Miztures for Streptomycin B 
B B, mg. ° 
per mg. sample 
mg. mg. 
A 0.050 0.037 0.74 
0.10 0.071 0.71 
= 0.20 0.148 0.74 
B 0.050 0.021 0.42 0.39 
aa 0.10 0.038 0.38 0.39 
= 0.20 0.079 0.39 0.39 
C 0.10 0.057 0.57 0.55 
as 0.20 0.118 0.59 0.55 


* We are indebted to Mr. F. Russo-Alesi for these analyses by the Plaut-McCor- 
mack method (unpublished work). 


obtained with replicate tubes are often quite variable, and the colors 
formed with the carbazole may be quite different from those usually ob- 
served. 

The use of a blank tube for comparing the color intensity obtained with 
known and unknown samples has resulted in simplifying the standard- 
ization procedure often needed in photometric determinations, and per- 
haps explains the variation observed in the constants. For example, 
experimental observations have indicated that the heating period is not 
critical and that the color development is almost maximal within 5 minutes 
after immersing the tubes in a boiling water bath. A heating period of 
40 minutes resulted in slightly more intense coloring, but the blank tube 
was equally affected and the determinations were therefore unaffected. 
Also, the interval between color development and measurement is not 
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critical. Measurements taken over a 24 hour period indicated that, 
after an interval of 2 hours, the colors began to darken; but the blank 
tube darkened in the same degree, and the accuracy of the determinations 
was unaffected. 

The intensity of the color formed evidently depends upon two steps in 


TaBLe III 
Effect of Various Organic Substances on Analyses for —emnven <i 


Quantity added to 


streptomycin B — of s 
Substance mg. eabstance | 
per cent 

a-Alanine. 2 -6 103 
L-Arginine: -HCI.. 2-6 101 
L-Cystine. . 2 -6 101 
... 2-6 104 
L-Proline........ 2 -6 101 
L-Tryptophan. 2-6 101 
Lt-Glucosamine-HC1.. 2-6 100 
Chondrosaminic acid. . 2-6 103 
Glucosaminic acid. .... | 2-6 97 
N- | 2-6 101 
Streptobiosamine. . 2 -6 97 
Mannitol............... 2-6 101 
Octyl alcohol (technical)... 6 -20 Indeterminate 
Pentasol 6 -20 
L-Arabinose 0.2- 0.66 
0.2- 0.66 
Lactose. 0.2- 0.66 
p-Mannose 0.2- 0.66 
Sucrose . 0.2- 0.66 - 
| 0.2- 0.66 
| 0.2- 0.66 “ 


the procedure. Perhaps the most important is the final concentratio 
of the sulfuric acid. The changes in Beer’s constant at 540 and 660 m 
for streptomycin A and streptomycin B with change in concentration d 
sulfuric acid are shown in Table V. When the concentration of acid w# 
reduced below 20 n, the carbazole precipitated from solution and 
sulted in a turbid mixture; at 18 N, no color was obtained. It is evident 
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TaBLe IV 
Effect of Various Inorganic Ions on Analyses for Streptomycin B 
| ti f 
mg per cent 
Aluminum 0.10 102 
Calcium... 1.0 | 104 
Chromium | 0.10 | Indeterminate 
0.01 | 
0.001 83 
| 0.0005 96 
Cobalt. | 0.10 Indeterminate 
| 0.01 | “ 
| 0.001 95 
| 0.01 | 
| 0.001 78 
| 0.005 98 
Iron . | 0.10 _ Indeterminate 
0.01 | 99 
0.001 | 103 
Manganese 1.0 | 98 
Potassium | | 10.0" | 101 
Sodium. . 10.0 103 
TaBLe V 
Effect of Sulfuric Acid Concentration on Beer’s Constant 
| Beer's constant 
540 mys 660 mys | 540 my | 660 mys P 
| | - 
33.4 0.25 | 0.11 0.72 0.15 4 
32.8 0.27 0.20 0.92 0.21 : 
31.0 0.33 0.24 0.95 0.30 : 
| 29.5 0.46 0.28 1.75 0.35 a 
= 25.7 0.93 0.50 3.87 1.18 2 
25.0 1.02 0.72 3.94 1.68 ie 
ot 22.8 1.38 0.85 4.14 1.80 mt 
my 21.5 1.36 0.85 3.63 0.99 
re) that, if the final concentration is either too high or too low, the sensitivity | 
| of the test is reduced. 
eat The color intensity also depends in part on the quantity of carbazole # 
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added. It is very important that each tube receive the same quantity 
of carbazole, and that the contents of the tube are well mixed before 
heating in the water bath. In a number of experiments, the quantity of 
carbazole was varied from the 0.50 ml. suggested. Visually the colors 
were slightly changed, but the blank tube also changed equally, and the 
colorimeter measurements were unaffected. In the above procedure ap 
excess of carbazole is added, and preliminary experiments indicate that 
as little as 0.05 ml. of a 0.1 per cent solution might suffice. 

This analytical procedure as described has been used successfully for 
the analysis of rather pure preparations of streptomycins. Application 
to such preparations as fermentation media, blood and body fluids, and 
other materials would probably depend on the elimination of interfering 
materials such as carbohydrates and metallic ions. It is possible that 
clarification procedures similar to that mentioned by Schenck et al. (10) 
for the concentration and extraction of streptomycins from fermentation 
broth would be sufficient. 


SUMMARY 


A chemical method for the determination of mannosidostreptomyein 
(streptomycin B) in purified preparations based on the color formed with 
carbazole in sulfuric acid solution has been described. 
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Ham and Sandstedt (2) and, subsequently, others have shown that there 
is a trypsin inhibitor in soy beans and other legumes which inhibits the 
growth of certain animals. At first it was believed that the components 
of beans which alter the nutritive value of proteins exert growth inhibi- 
tion by their ability to inhibit proteolysis in the gastrointestinal tract. 
Recently Klose and associates (3) have demonstrated that the growth- 
inhibitory fraction of Lima beans affects the growth of rats not by its 
action on proteolysis but by some other mechanism not yet identified. 
This conclusion was drawn because a diet including hydrolyzed proteins 
also resulted in a decrease of growth when supplemented with the growth- 
inhibitory fraction. More recently Westfall and coworkers (4) came to 
similar conclusions after investigating the crude trypsin inhibitor fraction 
of soy beans. 

The aim of the present report is to confirm the observations of the earlier 
investigators concerning the growth-inhibitory effect of the crude Lima 
bean fraction and to describe the isolation from this fraction of a crystal- 
line, heat-stable globulin which powerfully inhibits trypsin and moderately 
| inhibits chymotrypsin. Swiss mice, which were employed in the feeding 
experiments, were found to be extremely sensitive to the growth-inhibi- 
tory fraction of Lima beans. 


EXPERIMENTAL 


Preparation of Crude Trypsin Inhibitor Fraction of Lima Beans—The 
| erude inhibitor, which appears to contain at least two proteinase inhibi- 
tors, was prepared by the following modification of Kunitz’ method (5) 
for the initial purification of the soy bean trypsin inhibitor. 2 kilos of 
ground chloroform-defatted Lima beans were extracted with 10 liters of 
distilled water containing 70 cc. of concentrated sulfuric acid at 20-25° for 
1 hour with occasional stirring. The inhibitor proteins were adsorbed 

* A preliminary report of this work was presented before the American Society 


of Biological Chemists at the meeting of the Federation of American Societies for 
Experimental Biology at Detroit, April 18-22, 1949 (1). 
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from the filtrate on a mixture containing 50 gm. of bentonite and 50 gm. 
of Hyflo for a period of 10 minutes, during which time the mixture was 
occasionally stirred. It was then centrifuged. The solid portion was 
mixed with 1200 cc. of distilled water and again centrifuged. The super. 
natant and washings were discarded. The trypsin inhibitors were eluted 
with 540 ec. of water to which 60 cc. of pyridine were added. The mixtur 
was warmed to 25°, shaken for 10 minutes, and then centrifuged. The 
solid portion was washed with 200 cc. of 5 per cent pyridine. The com. 
bined solutions were dialyzed for 48 hours through cellophane membrane 


in order to remove the pyridine. To the pyridine-free solution 400 gm — 


of ammonium sulfate were added in order to precipitate the inhibitor 
fraction. The precipitate was dissolved in 100 cc. of distilled water and 
dialyzed until free of ammonium ions. This required about 24 houn 
The resultant solution was then lyophilized or precipitated with 3 volume 
of acetone and dried in vacuo over POs. On the addition of acetone, s 


colloidal suspension sometimes formed. Immediate precipitation oc | 
eurred on the addition of about 100 mg. of sodium chloride to the sus | 


pension. The yield, varying somewhat with each batch of beans used, 
was about 7.5 gm. of light yellow powder. In the experiments to be de 
scribed, this preparation will be designated as “crude trypsin inhibitor.” 

Isolation of Crystalline Heat-Stable Lima Bean Trypsin Inhibitor- 
5 gm. of the crude trypsin inhibitor fraction (acetone powder or lyophilize! 
powder) were dissolved in 250 cc. of 1 per cent sodium chloride solution 
at 35°. 1 gm. of bentonite and 1 gm. of Hyflo were mixed together ani 
added in small portions to the inhibitor solution. The mixture was shaker 
several times during a period of 10 minutes at room temperature, ther 
filtered through a Biichner funnel. To the clear filtrate, 50 cc. of acetone 
were added in small portions and the solution was placed in the refrigerate 
at 5-6° overnight. Microscopic, colorless octahedral crystals forme 
(Figs. 1 and 2). These were collected in a cooled centrifuge. Crystal 
lization could be initiated by dialyzing against ethyl alcohol for abov' 
30 minutes or by seeding with crystals previously obtained. The crysts: 
were recrystallized three times by being dissolved in 8 ce. of 1 per cer’ 
sodium chloride solution followed by the addition, drop by drop, of 2 ¢ 
of acetone. Sometimes a small amount of amorphous or globular m- 
terial precipitated as soon as the solution became chilled. These na 
crystalline precipitates were removed by centrifugation and discarded 
The resultant supernatants were then water-clear and yielded crystal 
much more readily. Sometimes crystallization took place within 1 how 
The crystals were washed with 10 cc. of cooled acetone and dried tm vaci 
over P,O;. The yield was 85 mg. of white powder. Another equal qua? 
tity of crystals was obtained by placing the first supernatant in the ® 
frigerator at 5-6° for 1 week. An inhibitor fraction was also obtained # 
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the form ot plates from per cent chloride solu. 
tion containing 20 per cent ethyl aleohol. This material, however, was 
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Fic. 1. ('r\ stals of Lima bean trypsin inhibitor. ih) *« 


hic. 2. Crystals of Lima bean trypsin inhibitor, 1000 x 


less active than the crystals obtained from the sodium chloride solution 
Containing 20 per cent acetone. 
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Prope of Crystalline Lima Bean Trypsin Inhibitor The 
of the crystals does not change on repeated reeryvstallizations. These 
remains, however, u trace of polysaccharide Which Is net removed by the 
described procedure. The 4) times crystallized material is a) globulin. 
It is soluble in a | per cent sodium chloride solution, and slightly soluble 
in water. The composition of crystalline Lima bean trypsin inhibitor js 
that of a typical protein (Table 1). It is precipitated by the protein 


TABLE | 
Composition of Crystalline Lima Bean Trypsin Inhibitor in Per Cent Dry Weight 
52.11 | 0.00 
Calculated on an ash-free basis. The ash content was 2.3 per cent. 
Taste Il 


Casein Digestion by Crystalline Trypsin and Crystalline Chymotrypsin in Pres 
ence of C'yystalline Lima Trypsin Inhibitor 


Crystalline enzym Inhibition 
me. per cent 

Trypsin O.05 0.02 22 

2 O05 0.05 

100 

Chymotrypsin 0.2 1.00 

Trypsin O05 0.20 1) 


The quantities of enzymes as given in this table were dissolved in 2 ec. of dis- 
tilled water. The inhibitor was dissolved in 1 ec. of 1 per cent sodium chloride. 
To the enzyme-inhibitor mixture, 3 ec. of casein solution of pI 7.6 were added. 

* Here the inhibitor was autoclaved at 15 pounds pressure for 5 minutes. 


precipitants, acetone, ethyl alcohal, and trichloroacetic acid. It gives the 
usual protein test and a very strong tryptophan test. Lt does not dialyz 
through cellophane. ‘The substance is a powerful inhibitor of crystalline 
trypsin (Fable TL). Proteolysis and milk clotting by chymotrypsin are 
moderately affected (Table IIL). Proteolysis and milk clotting by pepsi 
and the action of cathepsin (calf kidney extract in 50 per cent glycerd: 
citrate solution of pH 4.0) on hemoglobin at pH 4.0 are not affected. 
The erystalline Lima bean trypsin inhibitor is exceptionally heat-stable. 
Autoclaving for 5 minutes at 15 pounds pressure does not affect Its a 
tivity (Table Il). In contrast, the erystalline trypsin inhibitor whiel 
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Kunitz (5) isolated from soy beans is completely destroyed on short at- 
mospherie boiling. It was found that crude Lima bean trypsin inhibitor 
employed in the feeding experiments described below had to be autoclaved 
for 1} hours at 18 pounds pressure in order to destroy all of its inhibitory 
action. Autoclaving for 1 hour at 15 pounds pressure destroyed only 
40 per cent of its inhibitory power. The crude acetone precipitate was 


TABLE III 


Inhibition of Milk-Clotting Action of Chymotrypsin by Crystalline Lima Bean 
Trypsin Inhibitor 


Experi- es Total Delay of 

Type of inhibitor 
None 4 
2 Crude Lima bean inhibitor 32 28 
3 boiled 15 min. 30 26 
4 Crystalline Lima bean inhibitor 10 6 
5 boiled 15 min. 10 6 


In each of these experiments 1.25 mg. of chymotrypsin were contained in 0.5 ce. 
of distilled water. 5 mg. of the respective inhibitor were dissolved in 0.5 cc. of 1 
per cent NaCl. The crystalline soy bean trypsin inhibitor was kindly furnished 
by Dr. M. Kunitz of The Rockefeller Institute for Medical Research. 


TaBLe IV 

Growth Inhibition of Mice As Produced by Lima Bean Crude Trypsin Inhibitor 
Goo Type off average nigh 
gm. 

1 Rockland diet + 10% water (original weight) von 

2 ‘* + 1.7% inhibitor in 10% water autoclaved for 8.2 

1} om at 18 pounds pressure 
3 | Rockland diet + 1.7% unautoclaved inhibitor in 10% water 0.4 


twice as active in the proteolytic test as the 3 times crystallized trypsin 
inhibitor; and in the milk-clotting test, the crude inhibitor was about 5 
times as active (Table III1). This observation leads to the belief that there 
are at least two proteinase inhibitors present in the Lima bean. 

For the estimation of tryptic activity the Folin-Ciocalteu phenol rea- 
gent as described by Northrop and associates (6) was employed. Color 
intensities were measured with the aid of a Cenco-Sheard-Sanford pho- 
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telometer. The milk-clotting power of chymotrypsin (Table III) wag 
determined at 26° with 5 cc. of a strongly buffered milk of pH 5.0 (7), 

Growth Inhibition Produced in Mice by Crude Lima Bean Protein Frage. 
tion—Table IV represents a typical series of experiments showing the 
effect of the crude inhibitor on young mice. Three groups of ten mice, 
average initial weight 6.8 gm., were used. The Rockland mouse diet 
used as feed was ground in a grain mill. The inhibitor was suspended jp 
a volume of water representing 10 per cent by weight of the feed em. 
ployed. The ground feed and the inhibitor suspension were mixed and 
pressed into cubes by the use of a Carver hydraulic press, 16,000 pounds 
of pressure per sq. in. being applied. 

It may be seen from Table IV that Group 3, receiving 1.7 per cent of 
the unautoclaved inhibitor, gained only a negligible amount of weight in 
10 days, whereas Group 2, receiving the extensively autoclaved inhibitor, 
showed an average gain of 8.2 gm. Group 1, receiving the Rockland diet 
without the inhibitor, showed an average gain of 7.2 gm. Food con 
sumption in Group 3 was slightly less than in Groups 1 and 2. When 
only 1 per cent crude inhibitor was added to the Rockland diet, the dif. 
ferences among the three groups were much less pronounced. 

There was not enough of the crystalline Lima bean trypsin inhibitor 
produced for further feeding experiments. It should be noted that soy 
beans contain three trypsin inhibitors, one of which has no growth inhibitor 
activity (8). 


SUMMARY 

A crystalline trypsin inhibitor of globulin nature has been isolated from 
the growth-inhibitory fraction of Lima beans. Proteolysis by trypsin 
is powerfully inhibited, and proteolysis and milk clotting by chymotryp 
sin moderately so. The proteolytic action of cathepsin and the mil- 
clotting power and proteolytic action of pepsin are not inhibited. 

This trypsin inhibitor somewhat resembles Kunitz’ crystalline soy 
bean trypsin inhibitor. In contrast to his inhibitor, however, the crystal- 
line Lima bean inhibitor is exceptionally heat-stable. 

Feeding experiments on Swiss mice have shown that their growth # 
radically interfered with by supplementing the diet with 1.7 per cent d 
the crude Lima bean trypsin inhibitor. An extensively autoclaved i 
hibitor does not inhibit the growth of mice or the activity of trypsin. 
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THE EFFECT OF CATHODE RAYS PRODUCED AT 3000 
KILOVOLTS ON NIACIN TAGGED WITH C* 


By SAMUEL A. GOLDBLITH, BERNARD E. PROCTOR, JOHN R. 
HOGNESS, ano WRIGHT H. LANGHAM 


(From the Department of Food Technology, Massachusetts Institute of 
Technology, Cambridge, and the Los Alamos Scientific Laboratory 
of the University of California, Los Alamos, New Merico) 


(Received for publication, January 26, 1949) 


It was reported previously by Proctor and Goldblith (1) that niacin in 
aqueous solution is relatively stable when subjected to high voltage x-ray 
and cathode ray irradiations, although some of the niacin is destroyed. No 
evidence was presented, however, as to the structural changes that occurred 
in the niacin. 

Observations by Sheppard and Burton (2) that fatty acids are decarbox- 
ylated by a-rays suggested that a similar change might occur on the irradia- 
tion of niacin by x-rays and cathode rays. Although a-rays are classified 
in the heavy particle group, the ions in this group are fast moving, charged 
particles which produce electronic excitation and ionization in the material 
they traverse. In this respect, they are similar to such light particle radia- 
tions as x-rays and cathode rays. 

In order to investigate the possibility that the destruction of niacin is 
due, at least in part, to decarboxylation, experiments were conducted in 
which niacin labeled with C™ in the carboxyl group was irradiated with 
cathode rays which were produced at 3000 kv. 


Materials and Equipment 


Niacin—Samples of niacin labeled with C' in the carboxyl group were 
prepared at the Los Alamos Scientific Laboratory and shipped to the 
Massachusetts Institute of Technology for irradiation. An aqueous solu- 
tion of niacin (concentration 100 y per ml.) was prepared for irradiation. 
3 ml. samples of this solution were introduced into glass vials (18 mm. in 
diameter X 65 mm. in length) and the vials sealed for irradiation. 

In the investigation reported previously by the authors (1), a stock solu- 
tion of niacin in absolute ethanol instead of water was used. Dilutions 
as needed were made with distilled water. The only difference in the effects 
of cathode ray irradiations on aqueous and alcohol solutions of a substance 


is in the penetration of the bombarding electrons through the samples. 
This is illustrated by the equation 
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where Rmax. is the maximum range (mm.) of the electrons into the material, 
V is the impressed voltage in megavolts, and d is the density of the materia] 
expressed in gm. per ml. 

For water, Rasx. is equivalent to 1.41 cm. and for alcohol, 1.79 em. As 
the samples used in this study were less than 1 cm. thick, this difference in 
penetration of aqueous and alcohol solutions played no rdéle. 

Previous experiments have shown that in the destruction of niacin by 
cathode ray irradiation it makes no difference whether alcohol or water js 
used as the solvent for niacin, provided the depth of the solution is within 
the maximum range of the electrons, which was the case in the experiments 
here reported. This is substantiated by the values in Table I of this paper 
and in Table 8 of the previous report (1). 


TaBie I 


Effect of Cathode Rays Produced at 8000 Kv. on Niacin Labeled with C'* in Carbozyl 
Group As Determined by Chemical Assay 


Sample No. | Dosage | Retention 
| rep | per cent 

3 | 0.66 10 

4 1.32 < 10° 79 

5 | 1.98 X 10° | 55 

6 | 2.64 X 10 45 


Irradiation Source—Cathode rays (clectrons) were produced by a Trump 
generator operating at 3000 kv. This generator, which has been described 
in detail previously (3, 4), operates on the Van de Graaff electrostatic 
principle and is capable of producing intense sources of pure electrons. 


Methods of Assay 
Chemical—Niacin was determined chemically by the cyanogen-bromide 


colorimetric method of Mueller and Fox (5), which was modified to the — 


extent that a solution of 20 per cent ammonium hydroxide was used it- 
stead of an ammonia buffer. The standard curve of the niacin, cyanogen 
bromide, and ammonia reaction, which is a straight line, was checked daily 
with a sample containing 10 y of niacin per ml. 

Waisman and Elvehjem (6) have emphasized that “the chemical methods 
now available for the determination of nicotinic acid depend upon the pyt 
dine ring structure.” They state, furthermore, that vitamin Be, which hs 
a pyridine ring structure with a methyl group in the a position, does no 
react with cyanogen bromide, that none of the amino acids react, and that 
picolinic acid, a-picoline, trigonelline, and methylpyridinium chloride 40 


: 
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Taste II 


Effect of Cathode Rays Produced at $000 Kv. on Niacin Labeled with C'* in Carboryl 
Group As Determined by Radioactivity Measurements of Both Gaseous and 
Liquid Phases 


rep | | 
1 0.17 X 10° 1145 11,000 72.4 
2 0.33 X 108 2100 11,350 74.6 
3 0.66 X 10 2140 7,950 §2.2 
4 1.32 X 10 4970 6,450 42.4 
5 1.98 < 10° 6410 4,920 32.4 
7 5.28 X 108 8400 3,780 | 24.9 
Ss Control 104 15,200 99.3 


THE DECARBOXYLATION OF RADIO-NIACIN BY HIGH VOLTAGE 


16 
CATHODE RAYS 
ger 
COUNTS WW GAS 
COUNTS IN LIQUID 
qe 
0 3 4 5 
| DOSAGE (rep x 10°) 
1 


not react. As the experiments here to be reported dealt with pure solu- 
tions of niacin, compounds such as §-picoline, a-aminopyridine, and nepe- 
cotic acid, which in high amounts interfere with the cyanogen bromide 
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reaction, did not enter into the picture. Hence the reaction as determined 
by the cyanogen bromide method was highly specific for niacin. 

Radioactivity Assay—The irradiated and control samples, in the ampuls, 
were each placed in a closed system containing a measured amount of 
sodium carbonate which was used as a carrier. The ampuls were then | 
broken, and a dilute solution of sulfuric acid was added to the closed system 
to liberate carbon dioxide. The carbon dioxide was swept into a 10 per 
cent solution of sodium hydroxide and precipitated as barium carbonate. 
The barium carbonate was assayed for radioactivity, with the use of 
helium-alcohol-filled Geiger-Miiller tube having a thin mica window (15 
mg. percm.”). Absorption corrections were made according to the method 
of Yankwich et al. (7). Radioactivity remaining in the niacin solution was 
determined by plating the solution directly onto copper disks (8) and count- 
ing as described above. 


EXPERIMENTAL 


3 ml. samples of tagged niacin solution, in sealed vials, were irradiated 
in duplicate by cathode rays produced at 3000 kv., for dosages of cathode 
rays varying from 0.17 X 10° to 5.28 & 10* roentgens-equivalent-physical 
(rep) (1). After irradiation, one set of samples, including a control, was 
assayed for niacin content chemically, and a duplicate set of samples was 
sent to Los Alamos for radioactivity determinations. The chemical assay 
results are presented in Table I. The results of the radioactivity assays 
are presented in tabular form in Table II and graphically in Fig. 1. The 
radioactivity assays were made of both the gaseous and the liquid phases 
in the ampul, as described above. 


Discussion of Results 


Niacin is decarboxylated by cathode rays, even at relatively low dosages 
(Table II). Splitting of the pyridine ring, as shown by chemical assays, 
does not begin to occur until the niacin has been bombarded by 0.66 X If | 
rep of cathode rays, whereas 28 per cent of the niacin has been decar- 
boxylated by 0.17 x 10° rep. The greater percentage of the decar 
boxylation occurs with the lower dosages of radiation. Hence the curve 
for decarboxylation referred to dosage flattens out in the region of dosages 
higher than 1.98 X 10° rep. 

The spectrophotometric data indicate also that the ring is relatively 
stable, but a complete parallel between the chemical assay and the spectro 
photometric assay is not to be expected, for one specific compound (niacit) 
is measured by the chemical method, whereas the spectrophotometric ab 
sorption curves are merely a resultant of all the breakdown products d 
niacin by the irradiation. 
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SUMMARY 


1. Niacin labeled with C* in the carboxy! group was subjected to ir- 
radiation by high voltage cathode rays, and the effect of these radiations 
on the niacin was measured by both chemical and radioactivity assays. 

2. When niacin in a concentration of 100 7 per ml. was irradiated, de- 
carboxylation to the extent of 28 per cent occurred with as little as 0.17 x 
10° rep of cathode rays, whereas splitting of the pyridine ring did not 
begin to occur until 0.66 X 10* rep of cathode rays had been applied. 

3. The rate of decarboxylation was increased with increments in dosage 
at lower levels but was less marked at dosages above 1.98 X 10° rep. 

4. Splitting of the pyridine ring appeared to require irradiation of greater 
magnitude than decarboxylation. 
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THE RESOLUTION OF SEVERAL RACEMIC AMINO ACIDS 


Br VINCENT E. PRICE, JAMES B. GILBERT, anp JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, March 16, 1949) 


t- and p-alanine have been prepared in quantity and with a high degree 
of optical purity by a simple and convenient method based upon the fol- 
lowing (1): (a) rat and hog kidney possess an enzyme which acts rapidly 
and asymmetrically upon N-acylated pi-alanine, hydrolyzing the acyl 
radical completely from the L form, and leaving the N-acylated p form 
intact; (b) from such a digest, the free L-amino acid can be separated by 
addition of alcohol, leaving the soluble acyl-p-alanine in the mother liquor; 
and (c) hydrolysis of the separated acyl-p-alanine by hot mineral acid, 
followed by neutralization, yields the free p-amino acid. 

The asymmetric action of the kidney preparations with N-acylated 
derivatives of several other amino acids suggested that this method might 
be extended to the resolution of amino acids other than alanine (1). The 
present communication describes such an extension to the resolution of 
the isomers of racemic methionine, valine, threonine, isoleucine, serine, 
leucine, and aspartic and glutamic acids. The resolution of the basic 
and aromatic-substituted amino acids, as well as that of proline, presents 
special problems and will be described later. 


EXPERIMENTAL 


Since the method of resolution is substantially the-same for all of the 
racemic amino acids so far studied, only a general procedure need be given. 
No particular difficulties have been encountered in the procedure as out- 


lined, each step proceeding quite smoothly. 


N-Acylation of Amino Acids—The rate at which a given kidney prepa- 
ration will attack a number of N-acylated amino acids depends upon at 
least two factors, namely (a) the nature of the acyl radical, and (b) the 
nature of the amino acid. Thus, the rates of hydrolysis in terms of um 
of substrate cleaved per hour per mg. of N (1) for the formyl, acetyl, 
chloroacetyl, propionyl, and benzoyl derivatives of alanine are, respec- 
tively, 22, 203, 800, 220, and 2.!_ The chloroacetyl appears to be the most 
susceptible of the derivatives studied (cf. also (1)) and is hydrolyzed roughly 
3 to 4 times more rapidly than the corresponding acetyl derivative. Where 


' Personal communication from Dr. P. J. Fodor. 
1169 


* 
& 
A 
| 
| 


1170 RESOLUTION OF RACEMIC AMINO ACIDS 


chloroacetylation is convenient, it is recommended that this procedure be 
employed, and the chloroacetyl-pL-amino acid used as the starting mate. 
rial for enzymatic resolution. On the other hand, acetylation is cheape 
and sometimes more convenient (as in the Knoop and Blanco (2) proce. 


dure), and when the rates of hydrolysis of the acetyl-L-amino acids ap | 


very high, as in the case of alanine, methionine, and leucine, it may be 
preferable to employ the acetyl-pL-amino acid as starting material for the 
resolution. 


We have employed acetyl-pi-alanine (1) and acetyl-pt-methionine (|) | 
prepared by the Knoop and Blanco procedure (2) which permits the easy _ 


accumulation of large stocks of these starting materials. All of the other 
amino acids studied were employed as the chloroacetylated derivatives. 
It is necessary to recrystallize these derivatives carefully from the ap 


propriate organic solvents (generally acetone or ethyl] acetate) in order to — 


avoid introduction into the reaction mixture of any unchanged amin 
acid. 

The preparation of chloroacetyl-pt-serine (3), chloroacetyl-p1-threo 
nine (1), chloroacetyl-pt-glutamic acid (4), and chloroacetyl-p1-leucin 
(5) has been described. pt-Valine, p1-isoleucine, and pDL-aspartic acid 
were chloroacetylated in the usual manner with chloroacety] chloride in 
alkaline solution, yielding products which after crystallization from ace 
tone possessed melting points, respectively, of 132°, 117°, and 149°, and N 
values of 7.2 (theory 7.2), 6.7 (theory 6.7), and 6.6 (theory 6.7). 

With the same acy] radical, and under identical experimental conditions, 
the rates of hydrolysis of different amino acids vary greatly (1). The 
rates of hydrolysis of acetyl-pt-leucine (1), acetyl-pL-isoleucine (1), and 
of acetyl-pt-norleucine (m.p. 112°, N found 7.9, calculated 8.1), in terms 
of um cleaved per hour per mg. of N are, for crude hog kidney aqueow 
extract, 250, 16, and 630 respectively, and, for a purified hog kidney ea- 
zyme preparation (see below), 2270, 62, and 5500. For various acetylated 
amino acids studied so far, the order of susceptibility to enzymatic by- 
drolysis by hog kidney extract is, in descending order, methionine, norlev- 
cine = alanine, glutamic acid, valine, arginine, isoleucine, and histidine (1). 
For the chloroacetylated compounds studied, the values for the rate d 
hydrolysis progressively decrease in the following order: leucine = alt 
nine, serine, glutamic acid, aspartic acid, valine, threonine, isoleucine, an 
phenylalanine. Although we have invariably employed a purified & 
zyme preparation from hog kidney for all resolutions, it is probable thats 
crude, dialyzed aqueous kidney extract could be conveniently used for the 
resolution of the more susceptible compounds. For the less susceptible 
compounds, a purified enzyme preparation is essential. 

Preparation of Partially Purified Enzyme--The detailed description a 
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the preparation of an active concentrate of the hog kidney activity has 
been given (1). The enzyme preparation is essentially recovered as a 
sediment which is soluble in 15 per cent alcohol at pH 5.7 at —7° and which 
is insoluble at pH 5.1 in:the presence of 30 per cent alcohol at —15°. A 
§- to 10-fold increase in activity toward acylated piL-alanine over the 
crude tissue extract is usually achieved. In the course of these studies it 
has been assumed that this concentration in activity was approximately 
effective against all acylated amino acids (except proline). 

Isolation of t-Amino Acids—The procedure follows essentially that 
described in the case of alanine (1) with a few modifications. 1 mole of 
the acylated racemic amino acid is dissolved or suspended in 100 cc. of 
distilled water, chilled, and treated with 6 N lithium hydroxide to pH 
7.2 to 7.6. The solution is warmed to 37° and treated with enough puri- 
fied enzyme solution to insure complete hydrolysis of the t form of the 
racemate in a few hours. The amount of enzyme needed is calculated 
from the observed rates of hydrolysis of the substrates by crude hog kidney 
extract corrected for the degree of concentration of the enzyme. The 
pH of the digestion mixture is adjusted to 7.6, and samples of the digest 
taken in the course of the digestion period for determination of car- 
boxyl nitrogen by the ninhydrin-CO, procedure. When about 80 per 
cent of the susceptible form has been hydrolyzed, fresh enzyme is usually 
added and the digestion carried for several hours beyond the point at which 
complete hydrolysis has been achieved. This is simply to insure complete 
hydrolysis, for unless this is accomplished the p-amino acid isolated at the 
end will contain some of the L form. Our customary practice is to set up 
such a digestion in the evening and allow it to run overnight. By early 
morning, the digestion is usually over. About 50 to 150 gm. of the acyl- 
ated amino acids are used at a time, although this amount could easily 
be increased. 

At the end of the digestion period, the mixture is acidified to pH 5.0 
with glacial acetic acid when the monoaminomonocarboxylic acids are 
employed. For the resolution of glutamic and aspartic acids the mixture 
is acidified to pH 3.2 with 85 per cent lactic acid. The acidified mixture 
is then shaken for 1 hour with norit, filtered, and evaporated in vacuo at 
40° to a very low bulk. The residue is transferred with the aid of a little 
water to a flask and treated with an excess of absolute alcohol. After a 
few hours of standing at 5°, the L-amino acid is filtered by suction, washed 
several times with hot alcohol, and recrystallized from hot water and alco- 


* Rate values calculated as before (1) in terms of um of substrate hydrolyzed per 
hour per mg. of N in the crude hog kidney extract are for chloroacetyl-pt-valine 185, 
chloroacetyl-pt-leucine 800, chloroacetyl-pL-isoleucine 46, chloroacetyl-pu-glutamic 
seid 385, and chloroacet yl-pL-aspartic acid 96. 
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hol. The mother liquor and washings containing the acyl-p-amino acid 
are combined and set aside for the preparation of the p-amino acid. 

Occasionally, some protein escapes the initial norit treatment and ap. 
pears in the L-amino acid fraction. A second treatment with norit whe 
recrystallizing the L-amino acid serves to remove all trace of protein 
The L-amino acid so obtained is washed with alcohol and ether and dried 
in vacuo over P;0, at 78° and 1 mm. of Hg pressure. The yields vary 
from 40 to 75 per cent, based upon the weight of acylated racemic amin 

Isolation of p-Amino Acids—The mother liquor with combined wash. | 
ings from the separation of the L-amino acids are brought to pH 1.0 t 
2.0 by addition of concentrated hydrochloric acid and are evaporated is 
vacuo at 25° to dryness. The residue is taken up in the minimum amount 
of cold water and the aqueous mixture extracted 5 times with ethyl ace 
tate. The acyl-p-amino acids pass into the ethyl acetate layer leavin 
salts and residual L-amino acid in the aqueous solution. The combined 
extracts are dried over anhydrous sodium sulfate and evaporated in vacw 
to dryness. The residue is washed several times with petroleum ether to 
remove any free acetic or chloroacetic acid. In order to remove any trace 
of contamination by L-amino acids, the residue is again dissolved in ace 
tone, filtered, and evaporated to dryness. No attempt was made to iso 
late and characterize the acyl-p-amino acids which frequently crystallix 
at this stage. Instead, the residue is taken up in 10 times its weight of? 
n hydrochloric acid and refluxed for 2 hours. This period was found by 
Van Slyke ninhydrin analysis to be sufficient for complete hydrolysis d 
the acyl-p-amino acids. The solution is treated with a small amount d 
norit, filtered, and evaporated in vacuo to dryness. Excess hydrochlont 
acid is removed by two subsequent evaporations with water. The residue 
is finally taken up in the minimum amount of cold water, chilled further 
and treated dropwise and with stirring with 4 N lithium hydroxide. h 
the case of the monoaminomonocarboxylic acids, the pH is adjusted t 
5.0. In the case of glutamic and aspartic acids the pH is adjusted to 32 
An excess of absolute alcohol is added to precipitate the free p-amino acid 
After standing several hours at 5°, the amino acid is filtered and purified 
by recrystallization in the same fashion as the L isomer. The yields var 
from 30 to 60 per cent, based upon the amount of acylated racemic amin | 
acid taken. 

Resolution Data on Amino Acids—The optical data on the amino acid 
prepared by the resolution procedure described are given in Table | 
The results compare favorably with those of other investigators obtainel 
by different methods. The preparation of optically pure isomers ¢ 
threonine and of isoleucine suggests that either the respective DL-amil 
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acids possessed inappreciable amounts of the allo forms, or else that these 
forms were removed somewhere in the course of the reactions.* 

The advantages of our procedure are simplicity and rapidity. of opera- 
tion and the possibility of working up nearly unlimited quantities of ma- 
terial. From 8 to 10 kilos of fresh hog kidneys it is possible in 5 to 8 


I 
Specific Rotations at 23° of Optical Isomers of Racemic Amino Acids Resolved by 
Asymmetric Enzymatic Hydrolysis of Their N-Acylated Derivatives 
The numbers in parentheses refer to the bibliography. 


Present data Data in literature 
Amino acid t form p form N 
cal t form, [a D form, 
| | Mody | : 
Alanine (1)...... +14.4° | 15.7 |—14.4% | 15.7 | 15.7 | +14.7 (6), | —14.5 (7) 
+14.6 (7) 
Methionine...... +21.6° | 9.4 —21.54| 9.4 9.4) +20.7 (8) —21.2 (9), 
—21.5 (8) 
60.60 +27.4¢ | 11.9 |—27.1/ | 11.9 | 12.0 | +28.8 (10) | —29.0 (10), 
— 27.6 
(11) 
Threonine. 28.5¢ | 11.6 |+28.5¢ | 11.6 | 11.8 | —28.3 (12) | +28.4 (12) 
Isoleucine........ +40.7* | 10.6 |—40.4* | 10.6 | 10.7 | +40.6 (13) | —40.9 (13) 
+14.9* | 13.3 |—15.0* | 13.3 | 13.3 | +14.5 (14) | —14.3 (14) 
Leucine.......... +15.9/ | 10.7 |—15.6* | 10.7 | 10.7 | +15.8 (15) | —15.6 (15) 
Glutamic acid....|}+32.0' | 9.4 |—31.9" 9.3 9.5 | +32.0 (16), | —30.1 (16), 
+32.2 —32.0 
(17) (18) 
Aspartic acid. ...|+25.2" | 10.4 (—25.3" 10.5 | 10.5 | +25.1 (17) | —25.5 (16) 


* 1.615 gm. in 25 cc. of 1 nN HCl. 
¢0.221 gm. in 25 cc. of 0.2 n HCl. 
* 0.249 gm. in 25 cc. of 6 n HCl. 

¢ 0.500 gm. in 25 cc. of water. 
$1.000 gm. in 25 cc. of 1 n HCl. 

* 0.842 gm. in 25 cc. of 6 Nn HCl. 

* 0.515 gm. in 25 cc. of 6 Nn HCI. 


> 1.592 gm. in 25 cc. of 1 nN HCI. 
4().223 gm. in 25 ce. of 0.2 N HCl. 
‘0.208 gm. in 25 ec. of 6 nN HCl. 
* (0.620 gm. in 25 ce. of 6 N HCl. 
10.954 gm. in 25 ce. of 6 N HCI. 
‘0.520 gm. in 25 ce. of 6 Nn HCI. 
"(0.500 gm. in 25 ce. of 6 n HCI. 


days to prepare an enzyme concentrate which will hydrolyze in a few 
hours at 37° about 100 moles of acylated racemic methionine. By suit- 
ably enlarging the scope and operational procedures of the method, there 


* Racemic alanine and isoleucine were Merck products. Threonine was obtained 
from the Interchemical Corporation, valine from the Winthrop-Stearns, Inc., as- 
partic acid from Eastman Kodak, and methionine, leucine, serine, and glutamic 
acid from the Nutritional Biochemicals Corporation. 
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is no reason why the yields of amino acid isomers may not be measured ip 
terms of kilos and at relatively low cost. This is particularly true if only 
the L isomer is wanted. 


The authors are indebted to Mr. Robert Koegel for the nitrogen ap. 
alyses. 
SUMMARY 


The method of resolving N-acylated racemic amino acids by means of 
asymmetric enzymatic hydrolysis of the L-acylated isomer, previously 


described for the case of alanine, has been extended to include the resolu. | 


tion of racemic methionine, valine, threonine, isoleucine, serine, leucine, 


and aspartic and glutamic acids. 
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HEMATOLOGIC EFFECT IN RATS OF PTERINS 
STRUCTURALLY RELATED TO PTEROYL- 
GLUTAMIC ACID* 


Bry MARIAN E. SWENDSEID, E. L. WITTLE, G. W. MOERSCH, 
0. D. BIRD, anp RAYMOND A. BROWN 


(From the Research Laboratories of Parke, Davis and Company, Detroit) 
(Received for publication, January 24, 1949) 


The realization that there are synthetic and naturally occurring sub- 
stances which inhibit the metabolic action of certain compounds has led to 
the more or less systematic quest for these inhibitors as they relate to a 
variety of metabolites. The current status of this work has been reviewed 
by Woolley (1). 

Since pteroylglutamic acid (PGA) is essential for hematopoiesis in many 
animal species, the biologically effective inhibitors of this vitamin would 
be expected to cause a depression in cellular elements of the peripheral 
blood (2). Synthetic products structurally related to PGA have now been 
described which are capable of influencing the hematopoietic process in a 
number of different animals, including man (3-12). Of the compounds 
studied thus far 4-amino-PGA (pteroylglutamic acid having the hydroxyl 
group at position 4 replaced by an amino group) has proved to be the most 
potent inhibitor. For this reason we have thought it of interest to report 
some experiments which compare the hematologic effect in rats of several 
pterins structurally related to pteroylglutamic acid with various substitu- 
ents at the 4 position. 

Since the general basis for selection of these particular compounds was 
their bacterial inhibition index, a comparison will also be made of the in- 
hibition indices of these pterins on bacteria requiring a nutrient source of 
PGA. 

It will be seen that in this study pterins without the p-aminobenzoyl- 
glutamic acid group but with a 4-amino substituent are relatively less in- 
hibitory towards Lactobacillus casei than Streptococcus faecalis. In rats, 
under conditions of the experiment, these pterins appear to depress leuco- 
cyte formation more than the formation of red blood cells, whereas pterins 
with a p-aminobenzoylglutamic acid group as well as a substituted group 
at position 4 cause both an anemia and a leucopenia. 

An incidental result of the study has been to show that in several in- 
stances pterins which at a high dietary level cause leucopenia at a lower 


* Presented at the meeting of the Federation of American Societies for Experi- 
mental Biology, March, 1948. 
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dietary level actually serve, either directly or indirectly, to maintain leuco. 
cytes within a normal range. 


EXPERIMENTAL 


Compounds Used—The synthetic pterins which were used in these studies 
2-amino-4-hydroxy-6 ,7-diphenylpteridine, 2 ,4-diamino-6 ,7-diphenylpter. 
dine, and 2,4-diamino-6,7-dimethylpteridine, were prepared essentially 
as described by Mallette et al. (13) and Cain et al. (14). The 4-amino | 
PGA, (N[4-{ acid), 
was prepared by condensing the reaction product of p-aminobenzoylglutami: | 
acid and a-bromoacrolein with 2,4,5,6-tetraminopyrimidine. The crud 
reaction product was purified by a procedure similar to that used fo 
pteroylglutamic acid (15). An analytically pure sample of the magnesium 
salt Ci9His0,;,NgsMg-3H;:0 gave an inhibition index of 2 for S. faecalis a 
a concentration of pteroylglutamic acid of 0.005 y per 10 cc. This calev. 
lates to an inhibition index of 1.7 for the free acid. Highly purified san. 
ples of the free acid gave inhibition indices ranging from 0.8 to 2. In this 
work a sample of 4-amino-PGA of inhibition index of 2 was used. The 
4-desoxypteroylglutamic acid was prepared by condensing the reactico 
product of p-aminobenzoylglutamic acid and a-bromoacrolein with 2,4,5 
triaminopyrimidine. The crude reaction product was used without purif- 
cation. 

Experiments with Bacteria—The effect of the pterins mentioned on th 
growth of S. faecalis and L. casei, both of which require a nutrient soure 
of PGA, was determined. The medium used for the growth of S. fae 
calis was that of Teply and Elvehjem (16). JL. caset was grown on th 
medium of Mitchell and Snell (17). For each compound investigated, 
the inhibition index was determined; that is, the ratio of inhibitor con- 
centration to PGA concentration at which half inhibition of growth d 
the organism occurs. The general procedure was to set up a series d 
tubes with a constant amount of PGA (0.5 mugm. per tube for L. cam 
and 5 mygm. per tube for S. faecalis) and varying amounts of inhibit. 
After the incubation period, growth was measured turbidimetrically and 
the point of half inhibition of growth was obtained. 

Experiments with Rats—The pterins were administered to weanling rat 
to determine whether they produced the hematologic pattern, anemia wit 
accompanying leucopenia, that is characteristic of PGA deficiency. 

In order to facilitate comparison of the hematologic effects of these com 
pounds the following assay procedure was adopted: Weanling rats wer 
placed on a basal diet of the following percentage composition: purified 
casein 18, cerelose 66, Jones and Foster salt mixture (18) 4, cottonseed ol 
6, corn oil 2, “sulfasuxidine” 2, thiamine 0.014, riboflavin 0.014, pyridoxm 
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0.014, pantothenic acid 0.18, nicotinic acid 0.18, inositol 0.18, and choline 
1.08. The rats were treated with 5500 units of vitamin A, 500 units of 
vitamin D, and 7 mg. of mixed tocopherol orally once a week. This diet 
was supplemented with varying amounts of the pterin under investigation. 
The test period was standardized at 14 days. At the end of that time 
hemoglobin concentrations were determined and leucocyte counts made 
(19). 


Results 


In Table I, inhibition indices for the various pterins are reported with 
S. faecalis and L. casei as the test organisms. These indices are on the 
basis of a weight ratio, since the pterins were also to be compared from the 
standpoint of weight in animal feeding experiments. It can be calculated 


TABLE I 
Effect of 4-Substituted Plerins on Bacterial Growth 


Inhibition index® 
Substituted pterin 

S. faecalist L. caseit 
2,4-Diamino-6, 7-dipheny!pteridine.. . | 10 200 ,000 
2,4-Diamino-6,7-methylpteridine.. | 5,000 50,000 
2-Amino-4-hydroxy-6,7- diphenylpteridine, 40,000 200 ,000 
4-Aminopteroylglutamic acid. . | 2 8 
4-Desoxypteroylglutamic acid (crude)... 30 50 


* Weight ratio of substituted pterin to PGA at which half inhibition of growth 
of the organism occurs. 


t 5 mugm. of PGA per tube. 
$0.5 mugm. of PGA per tube. 


that on the basis of a molecular ratio the indices for the pterins not con- 
taining the p-aminobenzoylglutamic acid substituent would be somewhat 
higher. 

It was found that the pterins not containing the p-aminobenzoylglutamic 
acid group were much more effective in inhibiting the growth of S. faecalis 
than that of L. casei. The most potent of these compounds, as an inhibi- 
tor for the former organism, was 2,4-diamino-6,7-diphenylpteridine with 
an inhibition index of 10. 

Those pterins containing the p-aminobenzoylglutamic acid group (4- 
amino-PGA and 4-desoxy-PGA) have approximately the same inhibition 
index for S. faecalis as for L. casei. The efficacy of 4-desoxy-PGA as a 
bacterial growth inhibitor cannot be properly evaluated, since it was not 
used in the pure form. 

In rat studies, the level at which 2,4-diamino-6 ,7-diphenylpteridine ex- 
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erted a hematologic effect was first determined. It will be seen from Table 
II that a dietary concentration of 50 mg. per cent of this compound pro. 
duced a leucopenia with agranulocytosis but had no effect on hemoglobin 
concentration. The leucopenia could be prevented by the simultaneous 
inclusion in the diet of equivalent amounts of PGA. At this same dietary 
concentration of 50 mg. per cent, the two pterins, 2-amino-4-hydroxy-6,7. 
dipheny]pteridine and 2 ,4-diamino-6 ,7-dimethylpteridine, had noeffect on 


the hematologic pattern. Thus substitution of a hydroxy for an amino | 


group in the 4 position or substitution of methyl groups for phenyl] groups 


in the 6 and 7 positions reduces the inhibitory effect of the pterin. When 


II 
Hematologic Effect on Rat of Some 4-Substituted Pterins 
Total 

Supplement in ration leuco, | 

ou | per c.mm.| per c.mm. 

None 12,400 | 2200 13.7 

2,4-Diamino-6,7-dipheny] pteridine 50 4,200 150 14.1 

50 mg. % PGA with 2,4-diamino-6 ,7-diphenyl- 50 12,800 | 2000 13.8 
pteridine 

2,4-Diamino-6 ,7-dimethy] pteridine 50 12,700 | 3350 13.0 

" 500 5,300 650 13.2 

2-Amino-4-hydroxy-6,7-dipheny] pteridine 50 9,700 | 1850 13.8 

4-Aminopteroylglutamic acid 0.3 | 6,200 250 9.1 

0.3 mg. PGA with 4-aminopteroylglutamic 0.3} 11,150, 2100 | 14.0 

acid 
4-Desoxypteroylglutamic acid (crude) 500 7, 250 750 7.5 


* The values represent the average obtained with six rats; experimental period, ? 
weeks. 


the dietary concentration of 2,4-diamino-6,7-dimethylpteridine was ir 
creased ten times, it did have an effect on the blood picture similar t 
that of 2,4-diamino-6 ,7-diphenylpteridine in that only the leucocyte levé 
was lowered, while the hemoglobin concentration remained the same. | 
was further found that, with animals fed these pterins capable of & 
pressing leucocyte levels, death would ensue, while hemoglobin concer 
trations were still in the normal range. 

* When 4-amino-PGA was investigated, it was found (Table IT) that, cor 
comitant with the development of leucopenia with agranulocytosis, th 
hemoglobin concentration was also lowered. The anemia which develope 
was found generally to be normocytic and normochromic. These hemate 
logic changes occurred when 4-amino-PGA was present in the diet in th 
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amount of 0.3 mg. per cent. When the dietary concentration was doubled, 
the rats would not survive for the test period of 14 days. The hematologic 
changes, as shown in Table II, were completely prevented by the dietary 
addition of PGA in amounts equivalent to 4-amino-PGA. Data obtained 
with crude 4-desoxy-PGA show that this compound acts similarly to 4- 
amino-PGA to produce both agranulocytosis and a reduction in hemoglobin 
concentration. However, a much greater amount of 4-desoxy-PGA, 500 
mg. per cent in the diet, is necessary to cause this change in the blood 
icture. 
in Table III data are presented on some experiments of 5 weeks duration. 
Rats fed the basal diet containing “sulfasuxidine” develop agranulocytosis 
during this period (20). When PGA inhibitors are added, however, 
at concentrations too low to cause any leucocyte reduction at a 2 weeks 


Taste III 
Effect of Low Concentrations of Some 4-Substituted Pterins on Leucocytes of Rat 
Supplement in ration | 
per c.mm. | per c.mm. 
2,4-Diamino-6,7-dimethy!pteridine.................. 50 23 , 500 6850 


* The values represent the averages obtained on six rats; experimental period, 5 
weeks. 


interval, this agranulocytosis is prevented. With both 4-desoxy-PGA and 
2,4-diamino-6 ,7-dimethylpteridine, the granulocyte as well as the total 
leucocyte level is within or higher than the normal range. It appears, 
therefore, that at least some PGA inhibitors at low concentrations are 
capable of stimulating leucocyte production. 


DISCUSSION 


Daniel et al. (6) have made an extensive study concerning the inhibition 
of bacterial growth by a series of pterins which did not have a p-amino- 
benzoylglutamic acid substituent. Our results with these same compounds 
are very similar to theirs. When they extended their study to chicks 
(21), they observed that several of the pterins caused a pronounced lower- 
ing of hemoglobin concentration. The effect on leucocytes was not men- 
tioned. In our experiments with the rats, which were fed a basal diet, 
free from PGA and supplemented with “sulfasuxidine,” we observed that 
with compounds of this type changes in the peripheral blood were con- 
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fined to leucocyte formation. These differences between our experimental 
results and those of Daniel and coworkers might well be due to a species 
difference, since avian blood morphology varies greatly from that of the 
rat. 

The preferential effect on rat leucocytes of 4-amino-substituted pterins 
without the p-aminobenzoylglutamic acid group has been demonstrated 
for two different compounds. The possibility is suggested that break. 
down products of PGA comprising only a portion of its molecule might 
function to some degree in the maturation of the leucocyte, but not in red 
blood cell formation. This suggestion gains credence from a consideration 
of the data on bacterial growth where it has been shown that the 4-amino- 


substituted pterins without the p-aminobenzoylglutamic acid residue ar | 


most effective as inhibitors for Streptococcus faecalis, which does not requir 
the complete PGA molecule for growth (22). 

It has been observed that certain antimetabolites, which in larger 
amounts inhibit bacterial growth, when present in smaller amounts actv- 
ally stimulate bacterial growth (1). A somewhat analogous situation 
would appear to result with regard to rat leucocytes when low concentrs- 
tions of certain of the PGA inhibitors are fed, since the leucocyte levels are 
maintained at a normal or elevated range when granulocytopenia has de. 
veloped in control animals not fed PGA inhibitors. It may be that thes 
PGA inhibitors act to increase leucocyte production indirectly through their 
stimulation or depression of the as yet unknown factors which regulate 
cell marrow release and cell destruction. 

Some data have been given showing that PGA can prevent the hemato 
logic effect of the 4-amino-substituted pterins studied here. This is, d 
course, additional evidence that these pterins exert their influence on blood 
cell formation by interfering with the function of PGA. 

From their bacterial growth study, Daniel and coworkers (6) have show 
the importance of the 4 position group on the pteridine ring in the PGA 
molecule. In the rat as well, it would appear that the 4 position group @ 
the pteridine ring has a key function in enabling PGA to assume its prope 
metabolic réle. 


SUMMARY 


Some 4-substituted pterins, structurally related to pteroylglutamic acid 
have been compared as to their effects on the growth of bacteria requiri 
a nutrient source of PGA and on the production of blood cells in the rat fet 
a purified diet, free from PGA and supplemented with “sulfasuxidine.” 

Those pterins not containing the p-aminobenzoylglutamic acid grou 
had a lower inhibition index for Streptococcus faecalis than for Lactobacillu 
casei. The most effective inhibitor of this type of compound, 2, 4-diamine 
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6,7-diphenylpteridine, when fed to rats, caused a leucopenia but no reduc- 
tion in hemoglobin. ‘The other compounds tested had no such effect when 
fed at the same level. 

The compounds 4-amino-PGA and 4-desoxy-PGA inhibited growth of 
both S. faecalis and L. casei. ‘These compounds when fed to rats caused 
anemia as well as leucopenia. 4-Amino-PGA was the most potent in- 
hibitor both as to its effect on bacterial growth and on the hematologic 
pattern in rats. 

The effects of the 4-substituted pterins on the blood picture of rats can 
be prevented by the dietary addition of PGA. 

Some of the 4-substituted pterins, which cause leucopenia at high dietary 
levels, at a lower dietary level stimulate leucocyte production. 
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BIOSYNTHESIS OF UREA 


I. ENZYMATIC MECHANISM OF ARGININE SYNTHESIS FROM 
CITRULLINE®* 


By 8S. RATNER anp ANNE PAPPAS 


(From the Department of Pharmacology, New York University College of 
Medicine, New York) 


(Received for publication, February 4, 1949) 


In urea synthesis, according to the Krebs-Henseleit ornithine cycle (1), 
the transfer of nitrogen to citrulline to form arginine (Step II) was thought 
to occur from NH;. It was not until Cohen and Hayano (2) succeeded 
in demonstrating rapid arginine synthesis in liver homogenates from glu- 
tamic acid and citrulline that the transfer from an amino acid rather than 
from NH; was recognized as a main pathway in urea formation. Under 
their conditions, arginine was formed in the presence of oxygen, Mgt’, 
and catalytic amounts of adenosine triphosphate (ATP). This was the 
same reaction observed earlier by Borsook and Dubnoff (3) in kidney slices 
and considered at the time to be a transamination with simultaneous 
oxidative removal of 2 H atoms (transimination). An a-keto acid, sup- 
posedly the second product of the reaction, would of course escape de- 
tection in respiring preparations. Whereas in the kidney slice experi- 
ments of Borsook and Dubnoff, both aspartic and glutamic acid were 
equally effective as amino group donors, Cohen and Hayano found in 
liver homogenates that glutamic acid was about 4 times as effective as 
aspartic acid. They concluded therefore that glutamic acid was the speci- 
fic donor in the Borsook-Dubnoff reaction, aspartic acid being utilized 
only to the extent that it could be converted to glutamic acid. 

This investigation was undertaken to elucidate further some fundamen- 
tal aspects of the enzymatic mechanism involved. 

As briefly reported earlier, it has been possible to obtain arginine syn- 
thesis with a partially purified enzyme system prepared by alcohol frac- 
tionation of acetone powder extracts of mammalian liver (4). In the 
isolated system, aspartic acid and citrulline are converted to arginine and 
malic acid in the presence of Mg++. ATP participates directly as a re- 
actant and the reaction proceeds anaerobically without involving the trans- 
port of H atoms. In view of the evidence presented below, the transfer 


* Aided by grants from the Williams-Waterman Fund of the Research Corpora- 
tion, the American Cancer Society (recommended by the Committee on Growth of 


the National Research Council), the Office of Naval Research, and the United States 
Public Health Service. 
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of nitrogen is formulated as an exchange between the OH group of the 
isourea form of citrulline and the amino group of aspartic acid through 
formation of an intermediary condensation product, as shown in Re- 
action 1. 

Intermediary Condensation Product—That malic acid formation is actu- 
ally associated with arginine synthesis is shown by the following evi- 
dence: Neither product of the reaction appears unless both citrulline 

and aspartic acid are present simultaneously; malic acid always appears 
- in amounts equivalent to the arginine formed; malic acid cannot be formed 
from aspartic acid independently. It may be seen from Table I that 
with the complete system (citrulline, aspartic acid, ATP, generated from 
_ phosphoglyceric acid, and Mg**) an equal amount of arginine and malic 
acid was formed in the 20 minute period, while in the absence of either 
aspartic acid or citrulline no reaction occurred. It is especially signifi- 
cant that, when citrulline was omitted (Table I, Line 2), malate was not 
formed from aspartic acid. The possibility that malic acid might be 
formed by a separate reaction was tested further. When an alcohol- 
fractionated and thoroughly dialyzed preparation was used as the en- 
zyme source, such as that used to obtain the data shown in Table I, 
neither malic acid nor arginine was formed when aspartic acid was re- 
placed by NH; or by the combination of NH; and oxalacetic acid. This 
may be taken not only as evidence that NH; is unreactive in this system, 
but also that malic acid cannot be formed by reduction from oxalacetate. 
Further proof is afforded by evidence that any pyridine nucleotides which 
might participate in hydrogen transport have been removed. The prepara- 
tion employed contains some malic dehydrogenase and glutamic dehy- 
drogenase. When oxalacetic acid and glutamic acid were present to- 
gether, in the absence of citrulline, no malic acid was formed (Table I, 
Line 6). These dehydrogenases are known (5) to be capable of catalyzing 
the following dismutation: glutamate + oxalacetate — a-ketoglutarate 
+ NH; + malate. Under such conditions malate should have appeared 
if diphosphopyridine nucleotide (DPN) had been present in sufficient con- 
centration.? It is therefore evident that under our experimental condi- 
tions the system is incapable of forming malic acid by reactions other 
than that involving interaction between citrulline and aspartic acid, 
even when oxalacetate and a source of H atoms are supplied. 

The fact that arginine and malic acid are formed simultaneously from 
the interaction of the two substrates strongly suggests that the mechanism 
of nitrogen transfer involves a preliminary condensation of the amino 
group of aspartic acid with the ureido C of citrulline to form a C—NH—C 


*See the last section of Paper IJ concerning the DPN dependence of this reac- 
tion. 
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linkage, followed by cleavage on the second side of the nitrogen, as show 
in Reaction 1. 

The question arises as to whether Reaction 1 is mediated by a single ep. 
zyme, with transient formation of the intermediate such as is postulate 


in transamination between keto and amino acids (6, 7), or whether } 
proceeds in a stepwise manner. Very recently two enzymes have bee 
separated by repeated ammonium sulfate fractionation of acetone powde 
extracts of ox liver (8). One of them catalyzed Reaction 1, a, as show 
by the disappearance of citrulline and the simultaneous appearance ¢ 


inorganic phosphate. When the resulting deproteinized reaction mixtur | 


I 
Synthesis of Arginine from Citrulline in Alcohol-Fractionated Extract of Ox Lie 
Acetone Powder 
Each tube contained in addition 4 um of ATP, 13 um of MgSO,, 0.4 ml. of phos 
phate buffer, pH 7.5, enzyme preparation containing 31 mg. of protein and 8 m 
of muscle extract in a final volume of 4 ml. Time 20 minutes; 38°. 


Substrate added Found 
t-Aspartate, t-Glutamate, Onalacetate, t-Citrulline, 
uM 
mn + + 14.4 14.5 
+ + 0.0 0.0 
+ + 0.9 1.0 
+ + + + 7.0 6.8 
+ + + 0.0 0.0 
+ + + 0.0 0.1 
+ + + 0.0 0.2 


was incubated with the second enzyme, arginine and malic acid we 
formed simultaneously as shown in Reaction 1, b, by what appears tok 
a purely hydrolytic step. A detailed study of the two enzymes is nowt 
progress and will be reported at a later date. The preliminary result 
indicate, however, that, under suitable conditions, accumulation of th 
postulated intermediate can be demonstrated, and that the transfer ¢ 
the —NH; group proceeds by at least two enzymatic steps. 

Réle of ATP—Unlike keto-amino transamination, high energy phe 
phate (~ph)? is utilized in Reaction 1 and the phosphate transfer occu 
specifically from ATP. For reasons which are not at present understow 
ATP causes inhibition in concentrations above 5 X 10-* m, but at 


* This symbol as a designation of the energy-rich phosphate bond follows & 
usage introduced by Lipmann (9). 
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level 3 to 4 um of arginine are formed in a 20 minute period from 10 um 
of ATP as the only source of ~ph, under conditions otherwise similar 
to those employed for obtaining the data given in Table I. 

Competition with contaminating adenosinetriphosphatase (ATPase), 
which was appreciable even in alcohol-fractionated preparations, intro- 
duced uncertainties in the investigation of the stoichiometric participa- 
tion of ATP. However, recent evidence obtained from a preliminary 
study of Reaction 1, a, in which ammonium sulfate-fractionated enzyme 
was employed, indicates that inorganic phosphate and an intermediate 
product are formed in equivalent amounts. Whether phosphorylation 
precedes condensation or occurs simultaneously with it remains to be 
investigated. 

Nature of Condensation—Sufficient data are not available to permit the 
calculation of the energy change in each step of the ornithine cycle, but 
it is reasonable to assume, in view of the endergonic nature of urea syn- 
thesis from NH, and CO, that citrulline and arginine formation are each 
endergonic, and that, as far as arginine synthesis is concerned, it is in 
the condensation Reaction 1, a, that energy, derived from ATP, is actually 
utilized. 

The condensation product is a substituted guanidine, whereas a Schiff 
base type of compound is formulated as an intermediate in keto-amino 
transamination. It seems more probable that aspartic acid will condense 
with the isourea rather than the urea form of citrulline, since O-methyl 
and S-methyl isourea readily form guanidines with amines, chemically, 
whereas urea does not. Although information regarding the phosphoryla- 
tion step is still lacking, phosphorylation of isocitrulline would appear to 
be more likely than aspartic acid phosphorylation, for it provides a means 
of shifting the citrulline equilibrium toward the isourea form. Once the in- 
termediate is formed, hydrolytic cleavage of the C—N bond of the as- 
partic acid moiety would presumably be favored by the formation of the 
highly resonating monosubstituted guanidine group of arginine as com- 
pared to the more restricted resonance of the N , N’-disubstituted guanidine 
group of the intermediate (10). 


Properties of Enzyme System 
- Phosphoglyceric Acid As Generator of ~ph—Owing to competition with 
ATPase, the rate of the over-all reaction is low to a misleading degree, 
when ATP is used directly. In order to approach maximum rates, and 
at the same time to avoid the complications of ATP inhibition, it was found 
more feasible to employ ATP as the catalyst and phosphoglyceric acid as 
the source of ~ph. In making use of phosphoglyceric acid as a source of 
~ph, advantage has been taken of the presence of phosphoglyceromutase 
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(11), enolase (12), and phosphoenol transphosphorylase in acetone poy. 
der extracts of liver. These enzymes are likely to be limiting in the cru 
extract and to become increasingly more so upon fractionation. They 
were therefore supplied in excess by addition of an ammonium sulfgt 
fraction prepared from rabbit muscle extract. This muscle fraction jp. 
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ATP or d-PHOSPHOGLYCERIC ACID MgSO, 


Fic. 1. Dependence of the rate of arginine synthesis on the concentration of + 
aspartate, .-citrulline, magnesium sulfate, ATP (scale 0 to 5 um), and 3-phosphe 
glycerate. In A, B, C, and D, Curve 1 represents acetone powder extract, 38 mg.¢ 
protein per tube; Curve 2, as in Curve 1, supplemented with muscle extract. Te 
conditions are otherwise as in Table I. 


creased the rate of arginine synthesis, without itself possessing arginiit 
synthesizing activity. 

The phosphoglyceric acid dependence curves (Fig. 1, C) show thats 
large excess was required in order to achieve maximum rates and that th 
addition of muscle extract caused a 35 per cent stimulation. The AT! 
curves in Fig. 1, C show that under these conditions ATP functiont 
catalytically; maximum rates were reached with 1.6 uM. 

Optical Specificity—The enzyme system reacts only with the natu 
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isomers of citrulline and aspartic acid. Optical specificity was investi- 
gated on a rate basis, in each case the activity of the pL isomer being com- 

with that of the L isomer at two concentrations. As shown in 
Table II, the rate of arginine synthesis is the same with 20 um of DL-aspartic 
acid as With 10 uM of the L form and similarly with citrulline. 

Identification of Products of Reaction—Although little doubt now re- 
mains that urea is formed exclusively from arginine, alternative pathways 
(see for example Bach (13)) have occasionally been proposed. Arginase 
was present in excess in all the enzyme preparations employed and arginine 
was therefore estimated as urea by the colorimetric method of Archibald 
(14). In order to establish with certainty that arginine was the primary 
product, ornithine was isolated from a large scale enzymatic run and 
identified as dibenzoyl-L-ornithine (see ‘‘Experimental”). Jl-Malic acid 


Taste II 
Optical Specificity of Aspartic Acid and Citrulline in Arginine Synthesis 
The conditions are as in Table I, but without muscle extract. 


Arginine found 

Amino acid varied | Added 

20 min. 40 min. 60 min. 
pM uM 

20 11.3 15.4 15.0 
10 7.6 7.5 7.7 
pt-Citrulline............ 20 7.5 7.5 7.5 
u-Aspartate.............. 20 12.0 15.4 15.8 
10 7.6 8.4 8.0 
pL-Aspartate............ 20 7.6 8.2 8.0 


was identified enzymatically by means of a highly purified preparation of 
the “malic’’ enzyme of Ochoa, Mehler, and Kornberg (15), which acts 
only on the J form, and by isolation as cinchonine |-malate. 

Substrate Specificity—Thus far no amino acid other than aspartic acid 
has been found to react with citrulline. The amino acids tried were pt- 
serine, DL-lysine, pt-isoleucine, L-leucine, L-proline, pL-alanine, DL-amino- 
adipic acid, pL-aminopimelic acid, L-tyrosine, L-histidine, pL-tryptophan, 
DL-ornithine, pi-valine, L-cysteine, glycine, pt-methionine, pi-threonine, 
bi-phenylalanine, and L-glutamic acid. They were all tested both with 
and without oxalacetic acid, at the concentration known to be optimum 
for aspartic acid, with a 40 minute incubation period and twice the amount 
of acetone powder extract ordinarily used. 

Aspartic acid may be replaced by a combination of glutamic acid and 
oxalacetic acid, but not by glutamic acid alone (Table I, Lines 4 and 5). 


on 
. 
4 
ice 
4 
ng. 
Te 
t 
& 
& 


1190 BIOSYNTHESIS OF UREA. I 


The activity of this combination can be readily explained by the form 
tion of aspartic acid by transamination. This has been corroborated by 
the assay of various preparations for glutamic-aspartic transaminase » 
tivity. Although the rate of aspartic acid appearance under the exper. 


mental conditions employed for arginine synthesis cannot be calculate 
from the assay data, the relationship can be shown by comparing, in seven 
preparations, the rate at which arginine is formed by the combination ¢_ 


glutamic and oxalacetic acid, or aspartic acid, with the transamings 
concentration of the preparation. For example, in 20 minutes, 0.5 ml, ¢ 
a crude extract of ox liver acetone powder, containing 30 units of tran 
aminase (see “‘Experimental’’), catalyzed the formation of 8.1 um of » 
ginine with aspartic acid, and 7.2 um with glutamic and oxalacetic acid 
while 0.4 ml. of the alcohol-fractionated preparation used to obtain th 
data in Table I, containing 12 units of transaminase, catalyzed the form 
tion of 14.4 un of arginine with aspartie acid, and 7.0 um with glutamic ai 
oxalacetic acids, in the same period of time. In other words, the diffe. 
ence between the two rates is small when transaminase is present in e- 
cess, but very large when the transaminase concentration is limitig 
Acetone powder extracts of rat liver were found to behave in an entire 
similar way toward aspartic acid, toward glutamic acid, and toward th 
combination of glutamic and oxalacetic acids. .Presumably the same mz 
be said of mammalian liver in general. 

If glutamic-alanine transaminase were also present in acetone powde 
extracts, the combination of alanine, oxalacetic acid, and a catalyte 
amount of a-ketoglutaric acid would be expected to form aspartic act 
as suggested by Green, Leloir, and Nocito (16) and demonstrated 
O’Kane and Gunsalus (17). This combination, tested in acetone powde 
extracts, did not give rise to aspartic acid (as measured by arginine » 
pearance) for the reason that glutamic-alanine transaminase, being le 
in liver tissue to start with, probably fails to survive acetone treatmet 

The formation of arginine from a-aminoadipic acid and citrulline? 
kidney slices, reported by Dubnoff and Borsook (18), might be interprete 
in view of Braunstein’s observation (19) that a-aminoadipic acid can tram 
aminate with pyruvic acid, by the presence in slices of enzymes capabt 
of transferring the amino group of a-aminoadipic acid to oxalacetate § 
transamination reactions. Acetone powder extracts were tested wi 
a-aminoadipic acid and various combinations of oxalacetic acid, pyru 
acid, and a-ketoglutaric acid in the hope of coupling the two transamit 
ting systems. The results were negative, as with alanine. 

Substrate Dependence and Other Properties—The enzyme system, whit 
is quite soluble, can be readily extracted from acetone powders of mat 
malian liver (rat, pig, ox) with water or dilute phosphate buffer, andi 
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fairly stable to low temperature fractionation with ethyl alcohol or am- 
monium sulfate. The pH optimum of the over-all reaction lies between 
pH 7.4 and 7.5 in agreement with that found by Cohen and Hayano (20) 
for liver homogenates. 

The requirement for Mg** is rather high, as shown in Fig. 1, D, half 
saturation occurs with 3.8 um of MgSO, with and without muscle extract, 
corresponding to 0.95 X 10-* Mm. In addition to the known dependence 
upon Mg** of ~ph transfer from phosphopyruvie to adenosine diphos- 
phate, Mg** is specifically required in the condensation Reaction 1, a. 
When ATP was the only ~ph donor, the reaction did not proceed in the 
absence of Mg** and, in the presence of the latter, 0.01 m fluoride caused 
approximately 50 per cent inhibition. Studied separately, the condens- 
ing enzyme showed, in common with a number of other phosphate-trans- 
ferring enzymes, the same specific requirement for Mg** and inhibition 
by fluoride as the over-all system. These observations indicate in part 
the basis of the fluoride inhibition found in homogenates by Cohen and 
Hayano (2). 

Citrulline and aspartic acid concentration dependence curves are shown 
in Fig. 1, Band 1, A. Half saturation of the enzyme system was reached 
in both cases with 4.8 um (1.2 X 10-* m) with and without added muscle 
extract. 

Estimation of Enzyme Activity—In order to estimate the specific ac- 
tivity (units per mg. of protein) of various fractions, as purification pro- 
ceeds, a unit has been chosen as the amount of enzyme which will cata- 
lyze the formation of 1 um of arginine per hour under standardized test 
conditions, these being a 20 minute incubation period during which time 
no more than 10 un of arginine have been formed from the 20 um of citrulline 
and aspartic acid added. Under these conditions the rate of arginine 
formation is linear from 10 to 25 minutes, as shown in Fig. 2, A. An in- 
duction period may be noted in the first 10 minutes, undoubtedly due to 
the time lag necessary to reach an optimum concentration of intermedi- 
ate, as might be expected in a stepwise reaction. It was not abolished 
by the addition of muscle extract and is therefore not likely to be associ- 
ated with a limit in ATP formation. Above 25 minutes, the rate falls 
off, owing to declining substrate concentrations. 

Regardless of the specific activity of the preparation, enzyme concen- 
tration dependence studies reveal a disproportionate increase in activity 
with increasing enzyme concentration. Fig. 2, B shows the rates obtained 
with three different preparations. Since muscle extract was added in 
excess, and separate experiments indicated that arginase was not a limit- 
ing factor, the exponential effect may be ascribed to the presence of the 
two enzyme components of Reaction 1, mentioned above. 
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The choice of conditions for estimating specific activity must be some. 
what arbitrary under such circumstances. In actual practice during 
fractionation, the conditions were sufficiently reliable to permit recover 
of most of the initial activity. Muscle extract was routinely added ip 
excess and, when necessary, | mg. of a partially purified arginase prepars. 
tion, having a specific activity of 34 units per mg., was also added (se 
“Experimental’’). 


10 20 1) 20 40 
TIME IN MINUTES PROTEIN IN MILLIGRAMS 


Fic. 2. Dependence of the rate of arginine synthesis on time and on enzyme con- 
centration. In A, Curve 1 represents acetone powder extract containing 52 mg. ¢ 
protein per tube; Curve 2, the same, supplemented with muscle extract. In 2, 
Curves 1 and 2 represent alcohol-fractionated preparations of specific activity 1! 
and 0.75 respectively; Curve 3, acetone powder extract of specific activity 05 
The conditions are otherwise as in Table I. 


Data for the specific activity of several alcohol-precipitated fractions, # 
compared with the initial extract, are given in Table III. In the particu: 
lar preparation recorded, after one fractionation procedure, the activity 
was found to concentrate in Fractions 3 and 4, the latter having the high 
est activity and a 3-fold purification over the original extract. Difficulty 
was occasionally encountered in reproducing these values because of th 
two-component nature of the system. 

In the fifth column the activity is expressed in terms of the Qurea Valut 
of Krebs to facilitate comparison of liver acetone powder extracts wit 
homogenates under the conditions of Cohen and Hayano (2) and wit 
slices under the original conditions of Krebs and Henseleit (1); 1.e., om 
thine, NH, and lactate. The latter comparison is perhaps justified, sine 
Gornall and Hunter (21) have shown that the conversion of citrulline # 
arginine is the rate-limiting step of the ornithine cycle. 

Arginine Synthesis in Homogenates and Slices—On comparing the tot# 
activity of acetone powder extract of rat liver (calculated from the speciit 
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activity) to that of the tissue homogenate or slice, it appears that about 
50 per cent of the original activity can immediately be accounted for. 
If allowance is made for some destruction by acetone treatment and for 
the fact that a single extraction might not be exhaustive, the result indi- 
cates that a large amount of the arginine-synthesizing activity is to be 
found in the isolated system. Although a discrepancy appears to exist 
between homogenates and the isolated system with respect to the specificity 


Taste IIl 
Specific Activity of Various Liver Preparations 
| 

Species Preparation Conditions | 
Rat | Slice NII, lactate* | 18 

as Homogenate Glutamatet 14 

Aspartate, pyruvate! 16 

“ | Acetone powder extract | m ~ph 0.84 | 18.8 

“ | ‘* muscle extract | 0.90 | 20.2 
Ox 4 0.33 | 7.4 

“ “ + muscle extract | 0.50 | 11.2 

“ Fraction 3 0.35; 7.8 

3 ‘* + muscle extraet | 0.89 | 20.0 

4 | 0.80 | 17.9 

4 ‘* + muscle extract | 1.50 | 33.6 


* Ques (microliters per mg. of protein per hour) recalculated from the data of 
Krebs and Henseleit, assuming 85 per cent of the dry weight to be protein. 


t Calculated from the rate of arginine synthesis per mg. of N given by Cohen 
and Hayano. 


t Calculated from the data given in Table 1 of Paper I], assuming 85 per cent 
of the dry weight to be protein. 


of the —-NH;, donor, the data in Table III leave little doubt that the same 
enzyme system is involved, regardless of the substrates offered or of 
other variations in the experimental conditions. The fact that in extracts 
aspartic acid can be replaced, through transamination, by the combina- 
tion of glutamate and oxalacetate suggests that in homogenates glutamic 
acid functions in arginine synthesis indirectly, by transfer of the —-NH, 
group to oxalacetate, rather than by an interaction with citrulline cata- 
lyzed by a second arginine-synthesizing system exhibiting glutamate 
specificity. Additional evidence for this and for the apparently poor 
activity of aspartic acid in liver homogenates will be discussed in Paper 
II. 

In both liver slices and homogenates, urea synthesis has been reported 
to be completely dependent upon a supply of oxygen. In Step II of the 
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ornithine cycle, any direct oxidation-reduction mechanism has been ex- 
cluded, but the participation of ~ph has been shown to be essential for 
arginine synthesis. The oxygen dependence in respiring preparations 
must then be associated with the generation of ATP by oxidation of respira- 
tory substrates. In slices, added lactate, and in homogenates some of 
the glutamic acid serves in this capacity. The coupling of phosphoryla- 
tion with the oxidative steps of the tricarboxylic cycle has been observed 
repeatedly in tissue preparations (22). 


EXPERIMENTAL 


Methods—The enzymatic reaction was carried out in small test-tubes 
kept at 0° prior to incubation. All additions were made with chilled 
solutions of substrates, previously adjusted to pH 7.5 with dilute KOH; 
the cold enzyme solution was added last. The tubes were then transferred 
to a water bath at 38° for the stated time interval, allowing 2 minutes for 
temperature equilibration, and the reaction was stopped with 2 ml. of 
15 per cent metaphosphoric acid per 4 ml. of reaction mixture. Water 
was then added to a volume of 10 ml., the mixture filtered, and 0.5 ml. 
aliquots of the filtrate used for the estimation of urea by the method of 
Archibald (14) modified slightly. When more precise temperature con- 
trol was necessary, all the additions except ATP were made at 0°. The 
tubes were then set in the water bath and the ATP added after tempera- 
ture equilibration. This procedure gave slightly lower values. The 
complete system, as used routinely for measurements of enzyme activity, 
contained, in addition to the enzyme in 0.05 m potassium phosphate buffer 
at pH 7.5, 0.25 m potassium phosphate buffer, 0.4 ml.; 0.1 m L-aspartate, 
0.2 ml.; 0.1  L-citrulline, 0.2 ml.; 0.033 m MgSQ,, 0.4 ml.; 0.05 m ATP, 
0.08 ml.; 0.1 m 3-phosphoglyceric acid, 0.5 ml.; when indicated, 8.8 mg. 
of muscle fraction in water; and water to make a final volume of 4 ml. 
To conserve materials, reactions were frequently carried out on half 
the scale and the analytical data doubled to corresponding full scale values. 
The amount of arginine formed was calculated from the urea estimation, 
since arginase was always present in excess. 

When malic acid was also estimated, 0.25 u glycylglycine buffer replaced 
phosphate. The reaction was stopped by heating the tubes in a boiling 
water bath for 10 minutes after bringing the mixture to pH 6.0 with 0.02 
to 0.04 ml. of 1 Nn sulfuric acid, the tubes were cooled to room temperature, 
water was added to a volume of 10 ml., and the mixture filtered. Malate 
was estimated spectrophotometrically in suitable aliquots of the filtrate 
by means of the “malic” enzyme of pigeon liver, as described by Ochoa, 
Mehler, and Kornberg (15). 

Transaminase activity was estimated by the method of Green, Leloi, 
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and Nocito (16) and is expressed in their units, one unit being that amount 
of enzyme which forms oxalacetic acid equivalent to 100 wl. of CO, in 10 
minutes at 38° under given conditions. 

Protein was estimated spectrophotometrically at 280 my, corrected for 
nucleic acid impurities according to Warburg and Christian (12). 

Preparation and Fractionation of Enzyme System—Acetone powder was 
prepared in a cold room at 2° from fresh ox liver chilled at the slaughter- 
house. Small trimmed pieces amounting to 115 gm. were ground for 30 
seconds in the Waring blendor with about 200 ml. of acetone, previousl 
chilled to —5°. The contents were rapidly transferred to a beaker with ~ 
more acetone at —5° (10 volumes in all), stirred rapidly for 10 to 15 seconds, 
and filtered by suction on a large Biichner funnel. Rapid stirring with 10 
volumes of acetone was repeated and the mixture was again filtered rapidly 
with suction. The tightly packed cake was rapidly spread out at room tem- 
perature with constant mixing to facilitate rapid drying. The activity of 
the dry powder stored at 2° slowly falls, decreasing to about half the value in 
5 to 6 weeks. 

The powder was extracted with 5 volumes of 0.1 M potassium phosphate 

buffer, pH 7.5, with mechanical stirring at room temperature for 20 min- 
utes, centrifuged cold at 15,000 r.p.m., and the supernatant dialyzed at 2° 
against 0.05 m buffer overnight to insure zero blanks. These crude extracts 
contain approximately 75 mg. of protein per ml. after dialysis and, when 
stored at 2°, maintain activity for about 2 days but fall off rapidly there- 
after. 
Acetone powders of rat liver were made in a similar manner and may be 
stored for several weeks in the cold without loss of activity, but the extracts 
were found to be much more unstable than ox preparations. The extrac- 
tion with 5 volumes of buffer was therefore carried out at 0° as well as cen- 
trifugation, and cold dialysis was limited to a 3 hour period. With these 
precautions the activity falls off to about 50 per cent in 24 hours and is al- 
most completely gone 2 days after extraction. 

In a typical alcohol fractionation, 315 ml. of buffered extract prepared 
from 100 gm. of beef liver acetone powder were chilled to 0°, transferred to 
a bath kept at —5°, and absolute ethy! alcohol, kept at —50°, added very 
slowly with mechanical stirring. The temperature of the mixture was not 
allowed to rise above 0° at the beginning of the addition and thereafter was 
allowed to drop slowly to —5° by the time the first alcohol addition was 
completed. The mixture was centrifuged at —5° for 1 hour at 3000 r.p.. 
and the supernatant rapidly decanted into a beaker immersed in a —10° 
bath. The tubes containing the precipitate were immediately packed in 
cracked ice, and the precipitates taken up in a total of 10 to 20 ml. of 0.1 
buffer and dialyzed in 0.05 m buffer overnight to remove traces of alcohol. 
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Subsequent additions of alcohol to the supernatant were made in a simi- 
lar manner, except that the temperature of the extract was maintained 
at —10° for both the alcohol addition and centrifugation. Four fractions 
were thus obtained by stepwise additions of 45, 25, 35, and 30 ml. of alcohol, 
corresponding to 12.5, 18.2, 25, and 30 per cent alcohol for each fraction. 
The alcohol concentration was calculated without correcting for the 
volume of the precipitate removed. The specific activity was 0.0, 0.40, 
0.89, and 1.50, respectively. The total activity represented a 72 per cent 
recovery. 

Isolation and Identification of l-Malic Acid—A large enzymatic run, on 
25 times the scale described above, was carried out at 38° with an excess 
of alcohol-fractionated enzyme containing 1505 units (1.81 gm., specific 
activity 0.83, without added muscle extract). After 60 minutes, 26.4 mg. 
of urea (440 um) were found, corresponding to 59 mg. of malic acid and 57.2 
mg. of ornithine. The reaction mixture was acidified to pH 6.0 with 3.5 
ml. of 1 N sulfuric acid, deproteinized by heating in a bath at 100°, the fil- 
trate brought to pH 1.0 with 6 ml. of 6 N sulfuric acid, and extracted with 
ether in a continuous extractor for 72 hours. The ether layer was then 
taken to dryness, dissolved in water, filtered, and brought to a volume of 
10 ml. Enzymatic analysis indicated that 38.6 mg. (65 per cent of theory) 
were recovered. After evaporating the solution to dryness, the malic acid 
was then converted to the cinchonine salt by refluxing in 5 ml. of acetone 
with 74 mg. of d-cinchonine for 30 minutes. After standing at 0° overnight, 
78 mg. of crude salt were obtained. On three recrystallizations from 
methy! alcohol-acetone, and one from water-acetone, the melting point was 
191-192° uncorrected. The mixed melting point, with an authentic sample 
of melting point 192°, was 191-192° uncorrected; the reported melting 
point was 198° (23). The optical rotation of the cinchonine salt was 


fal,’ = +146° (0.515% in water; | = 2.0) 
The optical rotation of the uranium salt was determined under the 
general conditions of Dakin (23) adapted to small scale as follows: 2.5 ml. 
of the solution of cinchonine /-malate were quantitatively decomposed by 
the addition of 0.5 ml. of 0.14 N ammonia and filtered. To 2.0 ml. of the 


filtrate was added 0.5 ml. of 2.5 per cent uranium acetate, slightly acidified 
with acetic acid, and the solution was allowed to stand for 1 hour at room 


temperature. 
la]3 = — 481° (0.1076%; 1 = 2.0) 


The optical rotations reported by Dakin (23) were 
+146° for cinchonine I-malate 


[a], = -—482° for the uranium salt of l-malic acid 
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Isolation and Identification of Ornithine—The aqueous layer (about 125 
ml.) obtained after ether extraction was brought to pH 9 with a few ml. of 
50 per cent NaOH, and benzoylated in the usual manner with 0.35 ml. of 
benzoyl chloride and 6 ml. of 1N NaOH. The mixture was filtered at pH 
7, acidified, and kept at 0° overnight. The crude crystalline dibenzoyl- 
ornithine, obtained after filtering off the crystals and washing thoroughly 
with ether, weighed 133 mg. (88 per cent yield). On three recrystalliza- 
tions from ethyl alcohol-acetone mixture, the compound melted at 186° 
uncorrected. [a]? = +9.3° (3.60 per cent in 1 N NaOH) nitrogen (Kjel- 
dahl); found 8.2 per cent, calculated 8.2 per cent. 

Chemical Preparations—p-3-Phosphoglyceric acid was prepared by the 
method of Neuberg and Lustig (24). Fleischmann’s commercial bakers’ 
yeast,‘ dried in the laboratory, gave good yields with glucose and added 
DPN. ATP® was prepared according to Lohman (25). tL-Citrulline was 
prepared by a combination of the methods of Kurtz (26) and Gornall and 
Hunter (27), starting with a commercial preparation of L-arginine. We 
are indebted to Dr. H. B. Dunn for ptL-citrulline, and to Dr. H. Waelsch 
for DL-a-aminoadipic acid and pL-a-aminopimelic acid. The other amino 
acids were commercial preparations of acceptable purity. Ovxalacetic acid 
was prepared according to Krampitz and Werkman (28), as modified by 
F. Lipmann (personal communication). 

Other Enzyme Preparations—Partially purified arginase was prepared 
from a Mn*+-activated extract of beef liver by acetone fractionation accord- 
ing to Van Slyke and Archibald (29). The arginase activity of the prep- 
aration was 34 units per mg. of protein when the unit and assay conditions 
of Van Slyke and Archibald (30) were employed, 1 unit being that amount 
which liberates 1 um of arginine in 1 minute under given conditions. 

The extract of rabbit muscle was prepared according to Racker (31). 
The fraction precipitating between 50 and 72 per cent ammonium sulfate 
saturation was dialyzed for 2 hours against running tap water and over- 
night against 0.02 m potassium phosphate buffer, pI 7.5, and then lyo- 
philized. Stored at 2°, the dry powder retains activity for several months. 
Under the experimental conditions described, 8.8 mg. for each tube sup- 
plied an excess of the required activity. We are indebted to Dr. E. Racker 
for a gift of this fraction. 

SUMMARY 

1, An enzyme system catalyzing the conversion of citrulline to arginine 

has been isolated from mammalian liver and partially purified. 


‘We are indebted to Mr. R. F. Light, the Fleischmann Laboratories, of Standard 
Brands, Incorporated, for a large gift of yeast. 

‘The ATP employed was 80 to 85 per cent pure. The amounts employed are 
given on a 100 per cent basis. 

*Van Slyke, D. D., and Archibald, R. M., personal communication. 
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2. Evidence is presented to show that in the reaction L-citrulline and 
L-aspartic acid undergo an exchange to form L-arginine and l-malic acid 
through an intermediary condensation which utilizes ATP and Mg**, and 
is presumably endergonic. 

3. Two separate enzymes are involved in the over-all reaction, one | 
catalyzing the formation of an intermediary condensation product and 
the second its hydrolysis. 

4. Some general enzymatic properties of the system are described. 

5. The mechanism is believed to represent the main physiological path- 
way of arginine synthesis and urea formation. 


We are indebted to Mr. Morton C. Schneider for technical assistance. 
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BIOSYNTHESIS OF UREA 


II. ARGININE SYNTHESIS FROM CITRULLINE IN LIVER HOMOG- 
ENATES* 


By 8. RATNER anp ANNE PAPPAS 


(From the Department of Pharmacology, New York University College of 
Medicine, New York) 


(Received for publication, February 4, 1949) 


A preceding paper described the characteristics of the isolated enzyme 
system, prepared from ox liver acetone powder, which catalyzes the con- 
version of citrulline and aspartic acid to arginine and malic acid. It 
was shown that the fundamental requirements for arginine synthesis from 
citrulline are aspartic acid, Mg**, and adenosine triphosphate (ATP), the 
latter as a reactant in substrate concentrations (1). At the optimum en- 
zymatic conditions established, a large proportion of the arginine-synthesiz- 
ing activity of the tissue was found in the acetone powder extract. 

Aspartic acid was shown to be the specific —-NH, donor. Glutamic 
acid was unreactive but the combination of glutamic and oxalacetic acids 
could replace aspartic acid in proportion to the glutamic-aspartic trans- 
aminase activity of the enzyme preparation. ‘The relative activity of 
these two amino acids is reversed in liver homogenates. Cohen and 
Hayano (2), corroborated by Krebs and Eggleston (3), have found that 
glutamic acid is about 4 times as effective as aspartic acid. Since these 
observations raise the question as to whether the enzyme system studied 
by us is the same as the one concerned with arginine synthesis in homogen- 
ates and slices, studies of liver homogenates bearing on this point were car- 
ried out. The experimental observations presented here show that the 
same enzymatic system is involved in all cases. It has been possible to 
explain conflicting observations by a uniform mechanism and to indicate 
the physiological pathway of amino nitrogen from amino acids to urea. 

In order to relate the behavior of liver homogenates in oxygen to the 
behavior and requirements of the isolated system, certain general proper- 
ties of homogenates, affecting arginine synthesis, should be mentioned. 
The adenosinetriphosphatase (ATPase) activity is much greater than that 
of acetone powder extracts; hence rapid generation of ~ph is necessary. 
In addition to the enzyme system catalyzing the citrulline to arginine re- 


* Aided by grants from the Williams-Waterman Fund of the Research Corpora- 
tion, the American Cancer Society (recommended by the Committee on Growth 
of the National Research Council), the Office of Naval Research, and the United 
States Public Health Service. 
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action, homogenates contain appreciable concentrations of several enzymes 
associated with glutamic acid metabolism; glutamic-aspartic transaminase, 
glutamic-alanine transaminase, and glutamic dehydrogenase. Associated 
with homogenate particles are all the respiratory enzymes and cofactors 
which, except ior the additional requirement of adenylic acid or ATP and 
Mgt", catalyze the coupled oxidative phosphorylation of respiratory sub- 
strates via the tricarboxylic cycle. The particles also contain the various 
factors involved in the transport of hydrogen to oxygen through pyridine 
nucleotides and the cytochrome system. Pyridine nucleotides and cyto- 
chrome need not be added, but if the latter becomes limiting, the whole 
tricarboxylic cycle shows cytochrome dependence. These are complexi- 
ties contributed by the use of homogenates and are not necessarily in- 
herent in the mechanism of arginine synthesis. Oxalacetic acid can be 
supplied by a rapidly respiring homogenate, since it lies in the pathway of 
the tricarboxylic cycle. 

Generation of High Energy Phosphate—Under the conditions of Cohen 
and Hayano (2), ATP is supplied only in catalytic amounts, and no respira- 
tory substrate other than the —-NH, donor is added. It may be antici- 
pated then that the ATP requirement must be met by oxidative 
phosphorylation and that the activity of the —-NH, donor being tested 
would be limited by its capacity to act as a respiratory substrate. That 
such is actually the case may be shown by estimating the oxygen consump- 
tion of rat liver homogenates during arginine synthesis. L-Aspartic acid 
is very poorly, or not at all, oxidized by homogenates. As seen in Table 
I, in the presence of citrulline and aspartic acid, under aerobic conditions, 
the average arginine formation was 3.5 ym and the average oxygen con- 
sumption was 14.9 uM, a value approximately the same as the endogenous 
respiration of homogenates alone. The results were quite variable within 
these low limits and undoubtedly reflect the concentration of endogenous 
respiratory substrates at the time the tissue was obtained. With glu- 
tamic acid in place of aspartic acid, an average of 9.6 um of arginine was 
formed and the oxygen consumption averaged 30.5 uM. 

However, when a respiratory substrate such as pyruvic acid was added 
to aspartic acid, arginine was increased to 12.8 um and the average oxygen 
uptake amounted to 29.4 um. Similar accelerating effects on both arginine 
formation and oxygen uptake were observed when either phosphoglycer- 
ate, fumarate, oxalacetate, or a-ketoglutarate was added to aspartate 
(Table I). In homogenates under aerobic conditions, phosphoglycerate 
apparently behaved primarily as a source of pyruvate. This may be in- 
ferred from the fact that the average oxygen consumption was increased 
almost as much by the addition of phosphoglycerate as by that of pym- 
vate. The contribution of ~ph from phosphopyruvate was probably o 


| 


Fes & 


S. RATNER AND A. PAPPAS 1201 


minor significance as compared to the amount generated by pyruvate oxida- 
tion. The acceleration of arginine formation from aspartic om and citrul- 
line by addition of the various substrates shown in Table 4 demonstrates 
that when aspartic acid is supplemented with a source of ‘ATP, supplied 
by oxidative phosphorylation, arginine synthesis increases with the rate 


TaBie I 
Synthesis of Arginine from Citrulline in Rat Liver Homogenates under Aerobic 
Conditions in Absence and Presence of Malonate 
In addition each vessel contained 20 um of L-citrulline, 5 um of ATP, 10 um of 
MgSQ,, 0.3 ml. of 0.25 m potassium phosphate, pH 7.5, and 0.5 ml. of 25 per cent 
homogenate. Final volume 3.0 ml.; 38°; time 40 minutes. The values are given 
in micromoles. 


| With L-aspartate With i-glutamate 
Substrate added, 20 um | Arginine Os uptake Arginine Os uptake 
A.D.* AD. AD. AD. 
8.5) | 14.9 | 40.2; 9.6) 41.1 | 30.5 | +2.7 
Pyruvatef........... 12.8 | &0.7 | 29.4) 41.2) 6.0 41.0 | 30.5 | 41.8 
3-Phosphoglycerate...... 12.9 | | 28.9) +1.2) 6.2 +1.1 | 22.1 | 45.5 
Oxalacetate........ ....| 14.4) 40.4 | 30.1 | 41.9 10.9 | 41.2 28.8) +5.0 
Fumarate......... ......| 13.4 | 41.0 | 27.4!) 41.6 12.5 | 30.8 | 42.4 
a-Ketoglutarate..... | | 23.7 | 43.9) 4.4 | 23.1 | 43.1 
With 60 um malonate per vessel 
3.3 | 41.0 | 10.8 42.0 2.6 | +0.0 18.9 | +0.6 
11.4 +0.2/ 19.9 | +1.3 2.6) 40.4) 19.1) 41.4 
3-Phosphoglycerate...... 11.8 | +1.3 | 21.5| 42.3 2.3 +0.3 17.7) +2.0 
Oxalacetate............. 13.3 | | 24.1 | 41.9 | 13.3 40.3 27.4 | 42.6 
Fumarate............... 13.3 | 40.5 | 25.4) 41.6 12.8} +1.0 28.1 | 43.7 
1.8 | 40.1 | 19.8) 42.7) 1.5) 40.1) 13.8! 41.9 


* Average deviation. 

t 2.5 um of fumaric acid were added as a primer. Good respiration was often 
obtained without it, but the addition insured uniformly high values. Fumarate 
was not added to pyruvate when glutamate was employed; nor was it added in any 
malonate experiment. 


of ~ph generation. This behavior is entirely consistent with the require- 
ments outlined above and any member of the tricarboxylic cycle would be 
expected to have this accelerating action on arginine synthesis when as- 
partic acid is employed. 

Multiple Function of Glutamic Acid—When the same substrates were 
added to glutamic acid, different effects were observed, as shown in Table 
I. The addition of either pyruvate or phosphoglycerate caused a 40 per 
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cent inhibition of arginine synthesis and a variable decrease in oxygen 
consumption. The addition of oxalacetate or of fumarate caused a slight 
increase in arginine synthesis without appreciably affecting the average 
oxygen consumption, while the addition of a-ketoglutarate caused a de. 
crease in both arginine formation and oxygen uptake. 

The high activity of glutamic dehydrogenase in liver homogenate 
accounts for the fact that glutamic acid is as good a respiratory substrate 
as a-ketoglutaric acid (4). Furthermore only a fraction of the glutamic 
acid present need be oxidized to furnish a large supply of ATP, for, as 
shown by Ochoa, the oxidation of a-ketoglutarate to succinate generates 
three ~ph bonds (5) and further oxidation to fumarate generates one such 
bond, while the further complete oxidation of pyruvate is associated with 
the generation of fifteen ~ph bonds (6). The dependence of a-ketoglutar. 
ate oxidation upon cocarboxylase (5-7) is therefore related to the decreased 
arginine synthesis observed in livers of vitamin B,-deficient rats (8) by 
von Fahrlainder, Nielsen, and Leuthardt. 

If the point of view is taken that glutamic acid is active in so far as it 
can be converted to aspartic acid, once the ~ph requirement is satisfied, 
then the acceleration of arginine synthesis by addition of oxalacetate to 
glutamate!’ may be explained as being primarily due to the appearance o 
extra aspartic acid formed by transamination with glutamic acid. Fums 
rate, being an immediate precursor of oxalacetate, had the same effect. 
Malate would be expected to act similarly. In the absence of added oxal- 
acetate, aspartate can arise from glutamate by transamination with the 
oxalacetate formed during oxidation of glutamate via a-ketoglutarate and 
the Krebs tricarboxylic cycle. Oxalacetate will also be formed by a one 
step oxidation of the malic acid appearing as the second product in arginine 
synthesis. 

Although ‘he synthesis of aspartic acid has not been shown directly i 
homogenates when glutamic acid is the substrate offered, much indirect 
evidence indicates that such must the case. No satisfactory explanatio 
has yet been offered of the inhibition, reported from other re a 
arginine synthesis by pyruvate (2, 8, 9), by a-ketoglutarate (3, 8, 9), and 
malonate (2, 3, 10) when glutamate is the —-NH, donor. These inhibi 
tions may all be explained as being due to an interference either with the 
formation of or with the further reaction of aspartic acid. 

Inhibition by a-Ketoglutarate—Cohen has reported the various trans 
aminase activities of rat liver. From his data (11) and from what is nov 
known of the relative activities of glutamic-aspartic transaminase and ¢ 


1 When the rate of arginine synthesis is decreased by reducing the ATP concet- 
tration, a 30 to 40 per cent stimulation by oxalacetate can be demonstrated. 
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glutamic-alanine transaminase (12, 13), the rates of the three transamina- 
tion reactions listed in descending order of activity are glutamate-oxalace- 
tate, glutamate-pyruvate, and aspartate-pyruvate, the first being by far 
the most rapid and the third rather slow, since it is the combined result of 
the first two reactions (12, 14). 

Inhibition of arginine synthesis by a-ketoglutaric acid when glutamate 
is the source of —-N Hz varies from about 40 to 60 per cent, depending on 
the amount of keto acid added (3, 9, 15). As shown in Table I, with 20 
um each of a-ketoglutarate and glutamate, a 54 per cent inhibition was 
found. This inhibition may be attributed to reversal of the transamina- 
tion between glutamate and oxalacetate; 7.e., glutamate + oxalacetate = 
a-ketoglutarate + aspartate. Such inhibition would not be expected if 
glutamic acid were the specific —NH; donor. The inhibition by a-keto- 
glutarate would furthermore tend to be maintained by slow oxidative re- 
moval from a reaction mixture already containing enough keto acid (de- 
rived from the glutamic acid) to saturate the tricarboxylic cycle. 

On the other hand, with 20 um each of a-ketoglutarate and aspartate, a 
stimulation of arginine synthesis was observed almost as great as that pro- 
duced by the addition of other respiratory substrates. Here the aspartate 
concentration is initially in excess as far as enzyme saturation is concerned. 
The addition of an equal amount of a-ketoglutarate might at most reduce 
the aspartate to 15 um by transamination, but even at this level the rate 
of arginine synthesis would be expected to be quite rapid providing ATP 
were being supplied, as it is in this case, by a-ketoglutarate oxidation. 
Under these conditions the stimulation caused by supplying ATP is the 
main effect observed. 

Von Fahrlinder, Nielsen, and Leuthardt (8) have shown that the a-keto- 
glutarate inhibition can be overcome by added NH;. The observation is 
consistent with the explanation given above, for the addition of NH; to 
a-ketoglutaric acid would remove some a-ketoglutaric acid by reductive 
amination to glutamic acid. 

Inhibition by Pyruvic Acid—As shown in Table I, pyruvate stimulates 
arginine formation when aspartate is the source of —NHg, but causes a 40 
per cent inhibition when glutamate is the —NH, donor. This inhibition 
can also be explained as an effect on the formation of aspartic acid caused 
by the removal of some glutamic acid from the reaction mixture by trans- 
amination, even though glutamic-pyruvic transamination is relatively slow 
in liver. The appearance of a-ketoglutaric acid, formed by the transamina- 
tion of glutamate with pyruvic acid, would augment the inhibition, as ex- 
plained in the preceding section. 

As with a-ketoglutarate, the pyruvate inhibition is also relieved by 
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added NH; (8), an effect which may be explained in the same way. The 
similar results obtained with phosphoglyceric acid (Table I) are in accord 
with the rapid conversion of the latter to pyruvic acid. 

Krebs and Eggleston (3) reported an acceleration of the synthesis of 
arginine by citrate and succinate when aspartate is the source of —NH,, 
This is understandable in so far as oxidation of these substrates through 
the tricarboxylic cycle generates the necessary ~ph. Inhibition by cit. 
rate when glutamate is the source of —NH, (3) may be explained by oxida. 
tion of citrate to a-ketoglutarate. The inhibition by succinate (3) ob. 
served under these conditions, however, is not easy to understand unlegs it 
is assumed that succinate interferes with the oxidation of a-ketoglutarate 
derived from glutamate. 

Inhibition by Malonic Acid—The inhibition by malonate of arginine 
formation when glutamate is the source of —-NH;: has been reported by 
Cohen and Hayano (2) and confirmed in the laboratories of Leuthardt 
(10) and of Krebs (3). The latter two groups have also shown that fu- 
marate overcomes the inhibition. A comparison of the data obtained with. 
out malonate with corresponding values obtained in the presence of malo 
nate (Table I) again confirms these observations. This comparison show; 
further that the inhibition is not exerted on arginine synthesis pe 
se. When aspartate was added to homogenates under optimum condi- 
tions, i.e. in the presence of a source of ATP, no malonate effect was ob- 
served. A satisfactory explanation of all these observations can be offered 
in terms of the specificity for aspartic acid in the conversion of citrulline te 
arginine and of the well known inhibition of succinic dehydrogenase by 
malonate (16). When oxidation of a-ketoglutarate is blocked at the sue 
cinate stage, oxalacetate will not be available for the synthesis of aspartic 
acid. 

The main inhibitory effect on glutamate is clearly not associated with 
interference of ATP generation, for the addition of malonate to aspartate 
plus pyruvate only decreased arginine formation from an average of 124 
uM to an average of 11.4, while lowering the oxygen uptake from an aver- 
age of 29.4 um to an average of 19.9. In the absence of malonate, respir- 
tion and ATP generation were presumably excessive, so that the appre 
ciable reduction of oxygen consumption caused by malonate resulted only 
in a small decrease in arginine synthesis. Similarly with aspartic acid # 
the source of —NHb, in the presence of either phosphoglycerate, oxalace 
tate, fumarate, or a-ketoglutarate, malonate caused but a small reductioa 
of arginine synthesis along with an appreciable reduction in oxygen cob 
sumption. The oxidation of these substrates is of course curtailed at the 
succinate stage. The oxidation step, a-ketoglutarate to succinate, as mel 
tioned above, yields three ~ph bonds per atom of oxygen. The high rate 
explains why an adequate supply of ATP can be maintained in the presene 
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of malonate. A high final concentration of malonate was employed (0.02 
u) in order to assure a maximum inhibition of succinate oxidation. 

In contrast to the results with aspartate, malonate caused a large de- 
crease in arginine synthesis when glutamate was the source of —-NH2. 
Oxygen consumption was appreciably reduced, as with aspartate. Thus, 
the oxygen fell from an average of 30.5 um to 18.9, while the synthesis of 
arginine decreased from an average of 9.6 to 2.6 um. As shown in Table 
I, oxalacetate overcomes the malonate inhibition. . Fumarate had a simi- 
lar effect, obviously due to its conversion to oxalacetate by oxidation. 
Malate would be expected to have the same effect. Pyruvate, phosphoglye- 


TaBLe II 


Synthesis of Arginine from Citrulline in Rat Liver Homogenates 
under Anaervbic Conditions 


Further additions and other conditions are as in Table I, except that N, replaced 
O; in the gas space and 4 mg. of DPN were added to each vessel containing hexose 
diphosphate. The dry weight of 0.5 ml. of homogenate and 0.4 ml. of supernatant 
respectively was 34.7 mg. and 17.1 mg. The values are given in micromoles. 


} 


Substrate added | Arginine found 

| cle homo | Supernatant 

+ | oeer | | 3.9 7.7 

+ | 8.0 

+ | | 1.2 

+ | 0.1 0.0 

| | 0.4 

| 4.6 6.8 

| | 4.2 4.9 


erate, and ea-ketoglutarate, which in the presence of malonate continued 
to produce a stimulation of arginine synthesis, with aspartate as the source 
of —NHb, had no effect in overcoming malonate inhibition of glutamate, 
since they cannot supply oxalacetate in the presence of malonate and in 
addition are inhibitory by themselves. 

Anaerobic Synthesis of Arginine in Homogenates—Once the requirements 
of the system are known, it becomes possible to obtain arginine formation 
in homogenates under anaerobic conditions by utilizing glycolytic reac- 
tions to generate ~ph. Table II shows the amount of arginine formed 
in & representative experiment, in the presence of citrulline, aspartic acid, 
and phosphoglyceric acid or hexose diphosphate.2. None was formed in 


*DPN was included with hexose diphosphate, since the anaerobic inactivation 
of DPN is very rapid. A dismutation between pyruvic acid and triose phosphate 
was undoubtedly responsible for the availability of ~ph. 


} 
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the absence of a supply of ~ph. The addition of phosphoglyceric acid 
or hexose diphosphate caused no arginine formation when glutamic acid 
was substituted for aspartic acid, unless oxalacetic acid was also added, 
These results are similar to those obtained with acetone powder extracts, 
No further efforts were made to increase the rate of synthesis by improved 
conditions. 

The rates of arginine synthesis, anaerobically, were much lower, how. 

ever, than those obtained with an equal amount of homogenate under aero. 
bic conditions. Owing to the fact that the efficiency of anaerobic pho. 
phorylation is lower than that of aerobic phosphorylation, competition 
with ATPase is less successful anaerobically. A considerable portion 
the ATPase present is associated with the suspended particles of tissue 
homogenates and can be removed by high speed centrifugation. The last 
column of Table II gives the amounts of arginine synthesized by an equiva. 
lent amount of supernatant after removing the particles. Arginine, whe 
formed, was found to be higher than in the whole homogenate in each 
case. 
As a result of aerobic experiments with glutamic acid in which the super. 
natant and centrifuged particles of homogenates were studied separately, 
Cohen and Hayano (17) came to the conclusion that both the particles and 
the supernatant were essential for arginine synthesis. From the anaerobic 
data of Table II, it may be seen that both the arginine-synthesizing systen 
and transaminase are present in the supernatant. It is clear from the fore 
going discussion that the particles were required for the generation 
ATP and of oxalacetic acid. 

Since the behavior of liver homogenates, under a variety of experimen 
tal conditions, is in accord with predictions based upon the mechanism and 
requirements of the isolated system, there appears to be no need for con- 
sidering that more than one enzyme system is concerned with the conver 
sion of citrulline to arginine in mammalian liver. The evidence indicate 
that in homogenates glutamic acid must function as a nitrogen carrier, # 
ATP generator, and as a source of oxalacetic acid. 


Physiological Pathway of Amino Nitrogen Transfer 

The individual steps in the transfer of nitrogen from amino acids t 
form urea and their relationship to the tricarboxylic cycle are summarised 
in Fig. 1. In homogenates, when glutamic acid is the substrate offered, 
the transfer would start at Step B (transaminase) as soon as an adequate 
concentration of oxalacetic acid accumulates. In slices, when NH; and 
lactate are the substrates offered, nitrogen transfer to citrulline would stat 
at Step A (glutamic dehydrogenase) with a-ketoglutaric acid made avail 
able from endogenous sources or from lactic acid oxidation. Hydroge 
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transport for Step A might come from malate oxidation or from other dis- 
mutations. The transfer of nitrogen to ornithine (Step E) is provisionally 
shown as occurring through NH;. This step has been studied by Cohen 
and his collaborators. According to their most recent report (18) car- 
bamylglutamic acid will replace the CO, but not the NH; requirement in 
citrulline formation from ornithine. In the intact animal NH, arising 


PYRUVATE +CO, + 2H 
SUCCINATE 


FUMARATE MAL ATE 
=>a-KE TOGLUTARATE ~ ATP ~ OXALACETATE 
Park 
OXALOSUCCINATE TYL 
CITRATE 
+2H ISOCITRATE 
| 
GLUTAMATE i OXALACE TATE 
we KETOGLUTARATE + ASPARTATE 
(+ATP 
? INTERMEDIATE © 
NH, ARGININE + MALATE 
CARBAMYL UREA 
GLUTAMATE 


(+ATP) ORNITHINE 


Fig. 1. Pathway of amino nitrogen transfer to citrulline in urea synthesis and 
the relationships of the ornithine cycle to the tricarboxylic cycle. 


from oxidative deamination of amino acids (19-21), would enter, as with 
slices, at Steps A and E. The scheme represents an expansion of the or- 
nithine cycle originally proposed by Krebs and Henseleit (22). 

The interrelationships with the tricarboxylic cycle occur through several 
additional connecting cycles. The transfer of NH; to oxalacetic acid, 
through Steps A and B, is a cyclic process in which a-ketoglutaric acid, 
supplied from the tricarboxylic cycle, is utilized catalytically. Another 
cycle is created by the turnover of oxalacetic acid through Steps B, C (argi- 
hine synthesis), and D (malic dehydrogenase). At the same time phos- 
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phorylations, coupled with the tricarboxylic cycle, supply ATP for both 
citrulline and arginine synthesis. 

Transfer of Amino Nitrogen to Oxalacetic Acid-—The assumption of ap 
obligatory incorporation of NH, in aspartic acid by transamination be 
tween glutamate and oxalacetate prior to urea formation (Steps A and B) 
appears to be justified for a number of reasons. Evidence is lacking fo 
the existence in mammalian tissues of an aspartase or of an aspartic dehy. 


drogenase analogous to glutamic dehydrogenase with respect to activity 


and reversibility. Also there is the observation that liver homogenate 
are incapable of oxidizing L-aspartie acid at an appreciable rate. In addi. 
tion liver homogenates behave as though aspartic acid were an interme 
diate in arginine synthesis under a wide variety of conditions, as show 
above. It may be pointed out that investigations of intact animals with 
N"-labeled amino acids and NH; show that aspartic acid as well as glutamic 
acid have the highest rate of turnover (20). Finally, Steps A, B, C, and 
D can be carried out anaerobically in crude extracts of ox liver aceton 
powder which contain these enzymes, through the coupling of several ox 
idation-reductions with transamination. 

Amino Nitrogen Transfer Anaerobically—In the first dismutation, the 
following reactions occur: 


(1) Malic acid + DPN,x. <> oxalacetic acid + DPNvea. 
(2) NH, + a-ketoglutaric acid + DPNva = glutamic acid + DPNax. 
(3) Glutamic acid + oxalacetic acid <> a-ketoglutaric acid + aspartic acid 


(4) Malic acid + NH, <> aspartic acid 
The dismutation, catalyzed by malic and glutamic dehydrogenases in the 
presence of transaminase (Reactions 1, 2, and 3), resulted in the forms 
tion of aspartic acid (Reaction 4) starting with malate, NH;, and a-kete 
clutarate in the presence of catalytic amounts of diphosphopyridine nucleo 
tide (DPN). Citrulline, ATP, Mg**, and phosphoglyceric acid were als 
added, and the appearance of aspartic acid was measured by arginine syt- 
thesis, as shown in Fig. 2, Curve 1. Curve la represents blank value 
when either DPN, NHs, or malic acid was omitted. 

In the second dismutation, triose phosphate dehydrogenase (Reaction 
replaced malic dehydrogenase. 
(5)  ‘Triose phosphate + H,PO. + DPN.x. <> diphosphoglyceric acid + DPNw, 
(2) NH, + a-ketoglutaric acid + DPNvea. < glutamic acid + DPNax. 
(3) Glutamic acid + oxalacetic acid — a-ketoglutaric acid + aspartic acid 


(6) Triose phosphate + H,PO, + NH, + oxalacetic acid <> 
diphosphoglyceric acid + aspartic acié 
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Fig. 2. Transfer of NH; to citrulline through aspartic acid by anaerobic dismu- 
tation and transamination in acetone powder extracts of ox liver. Curve 1, malate, 
a-ketoglutarate dismutation; Curve la, the same as Curve 1 in the absence of either 
DPN, NHs, or malate; Curve 2, triose phosphate, a-ketoglutarate dismutation; 
Curve 2a, the same as Curve 2 in the absence of either DPN, NHs, or oxalacetate; 
Curve 3, arginine formation with aspartate in the same amount of extract. All 
the tubes contained 4 um of ATP, 20 um of L-citrulline, 13 um of MgSO,, 0.4 ml. of 
0.25 m potassium phosphate, pH 7.5, and 1.0 ml. acetone powder extract in a final 
volume of 4 m!.; temperature 38°. Further additions were Curve 1, 20 um each of 
NH.Cl and I-malate, 10 um of a-ketoglutarate, 50 um of p-3-phosphoglyceric acid, and 
2mg. of DPN. Curve 2, 20 um of NH,Cl, 10 um of a-ketoglutarate, 30 um of oxal- 
acetate, 25 um of hexose diphosphate, and 2 mg. of DPN. Curve 3, 20 um of L-as- 
partate, 50 um of 3-phosphoglycerate. 


Here aspartic acid, as measured by arginine synthesis, was formed (Reac- 
tion 6) when oxalacetic acid, NH;, hexose diphosphate, DPN, a-ketoglu- 


*The extract contains aldolase. 
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taric acid, ATP, Mg**, and citrulline were added. This is shown in Curve 
2. The diphosphoglyceric acid formed supplied ~ph. Curve 2a repre. 
sents blank values when either DPN, NH, or oxalacetate was omitted. 
Curve 3 represents the rate of arginine synthesis in the same amount of ex- 
tract starting with aspartic acid, ATP, Mg**, and phosphoglyceric acid. 

One or more of the enzymes catalyzing Reactions 1, 2, 3, and 5 were 
probably present in limiting concentrations. Because of this and of the 
relatively high Michaelis constant of the arginine-synthesizing system 
with respect to aspartic acid (1.2 XK 10-* m), the rate of arginine synthesis 
was lower in Curves 1 and 2 than in Curve 3. On the other hand, because 
of the rather large Michaelis constant, the rate of aspartic acid synthesis 
in Curves 1 and 2 was doubtless somewhat higher than that reflected by 
the arginine values. 


EXPERIMENTAL 


Procedures—F or the experiments with homogenates, the liver from young 
adult, well nourished rats was removed immediately after exsanguination, 
chilled 20 minutes in buffer, rapidly weighed, homogenized with 3 volumes 
of 0.1 M potassium phosphate buffer, pH 7.5, in a loose fitting Potter-Elve 
hjem homogenizer (23), and strained through two layers of cheese-cloth 
All manipulations were carried out at 2°. Incubation was carried out at 
38° in conical Warburg vessels containing a KOH solution in the center well. 
Prior to incubation the substrates (adjusted to pH 7.5) were added to the 
main compartment, the vessels immersed in an ice bath, and 0.5 ml. 
the cold 25 per cent homogenate added last in a final volume of 3.0 ml. 
The vessels were gassed for 2} minutes with O,. The oxygen consumptia 
was estimated for 40 minutes, following a 5 minute equilibration period. 
The amount of arginine synthesized corresponds to a slightly longer period 
The reaction was stopped by adding 2 ml. of 15 per cent metaphosphore 
acid. Urea estimations were carried out by the method of Archibald (24), 
with slight modification, and the values expressed as equivalent amounts 
of arginine. Arginase was present in excess. All values were corrected 
for the zero time urea content of the tissue and were then recalculated fo 
a uniform dry weight of 31 mg.‘ They are so presented in Table I. Ead 
value, representing the average of from three to five experiments, is givel 
with the average deviation. Estimations based on Kjeldahl nitrogen i 
dicated that 85 per cent of the dry weight of the homogenate was protell 

The anaerobic experiments were carried out in a similar fashion, except 
that the vessels were gassed with N,. When the supernatant was to be 
used, the particles were separated by centrifuging for 30 minutes at 15,00) 


‘This value was chosen, since it represents the average dry weight of all the & 
perimental samples. 
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n.p.M. at 0°. The sediment occupied 20 per cent of the total volume. No 
special precautions were taken to remove traces of oxygen in view of the 
order of magnitude involved. 

The dismutation experiments were carried out with acetone powder 
extracts of ox liver freshly prepared as described previously (1). The spe- 
cific activity, without added muscle extract, was 0.53. 

Chemical Preparations—For the preparation of L-citrulline, p-3-phospho- 
glyceric acid, oxalacetic acid, and ATP, consult the preceding paper (1). 
The DPN employed was 75 per cent pure; it was prepared by a modifica- 
tion of the method of Williamson and Green (25).6 a-Ketoglutaric acid 
was prepared by the method of Neuberg and Ringer (26). 


SUMMARY 


1. The synthesis of arginine from citrulline has been studied in liver 
homogenates under aerobic and anaerobic conditions, comparing aspartic 
acid with glutamic acid as --NH, donors. 

2. Aerobically, arginine formation proceeds more rapidly with aspartic 
acid as —-NH, donor than with glutamic acid, when the reaction mixture 
is supplemented with a respiratory substrate as a source of ~ph. 

3. Evidence is presented to show that oxidation of glutamic acid, through 
the tricarboxylie cycle, supplies both the aspartic acid and the ~ph re- 
quired for arginine synthesis. Under these conditions aspartic acid is 
formed by transamination of glutamic acid with the oxalacetic acid arising 
by glutamate oxidation. Energy-rich phosphate is generated by phos- 
phorylations coupled with oxidation. 

4. The inhibition of arginine synthesis by a-ketoglutarate and by pyru- 
vate when glutamate is the —-NH, donor is explained as being due to inter- 
ference, at the transamination step, with the obligatory formation of as- 
partic acid. The inhibitions were not observed when aspartic acid was 
supplied directly. 

5. Malonate has no effect on arginine synthesis per se; the inhibition 
observed when glutamate is employed is exerted through inhibition of suc- 
cinie dehydrogenase, thus preventing oxalacetate formation. Oxalacetate 
or a closely related precursor therefore overcomes the inhibition. 

6. Conditions for effecting the anaerobic synthesis of arginine in liver 
homogenates are described. 

7. A scheme is presented for the physiological pathway of amino nitro- 
gen transfer from amino acids to form urea, showing the interrelationships 
with the tricarboxylic cycle and with transamination. 


: *We are greatly indebted to Mr. R. F. Light, the Fleischmann Laboratories of 


Brands, Incorporated, for a large gift of yeast. 
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8. The anaerobic transfer of NH, to citrulline to form arginine has been 
carried out in acetone powder extracts of liver. 


We are indebted to Mr. Morton C. Schneider for technical assistance. | 
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VII. EFFECTS OF TISSUE EXTRACTS AND BODY FLUIDS, CERTAIN 
STEROIDS, AND HEMOGLOBIN DERIVATIVES ON HYALURONIDASE 
ACTIVITY* 


Br LEE W. WATTENBERG anv DAVID GLICK 


(From the Department of Physiological Chemistry, University of Minnesota Medical 
School, Minneapolis) 


(Received for publication, January 31, 1949) 


The rdle of hyaluronidase as a spreading factor or invasive agent in 
tissues has led to studies of its occurrence in virulent bacteria, snake venoms, 
bee sting extracts, and spermatozoa (1, 2). Its presence in malignant 
cells has not been conclusively established. The earlier work of Duran- 
Reynals and Stewart (3), and the more recent studies of McCutcheon 
and Coman (4), on malignant tissues, favored its occurrence in some in- 
stances. 

It has been shown that antibodies elicited by hyaluronidase protein 
specifically inhibit the enzyme which served as the antigen (1). Thus, 
a testicular antihyaluronidase will inhibit the testicular enzyme but not 
streptococcal hyaluronidase, and vice versa. Blood sera from many spe- 
cies have been found to inhibit hyaluronidases from various sources in a 
non-specific manner, indicating that other inhibitors must be present 
independent of specific antibodies (5-7). Glick and Moore (8) recently 
demonstrated by electrophoretic separation at pH 8.6 that the non- 
specific inhibitory activity of human serum is associated primarily with the 
albumin. Goldberg and Haas (9) reported a separation of the inhibitor 
in hog serum into two components, but later! they found that the effect 
of one of the components could be duplicated by magnesium ions. It 
was shown by Baumberger and Fried (10) that magnesium potentiates 
the inhibiting property of serum. 

Previous investigations in this laboratory revealed that significant in- 
creases in the hyaluronidase-inhibiting ability of serum developed in polio- 
myelitis (11), in various infectious diseases (12-14) of both bacterial and 
virus origins, and in cancer (15). A strain difference in lines of mice with 
high cancer incidence was also noted (16). The present investigation was 


*This work was supported by grants from the Division of Research Grants and 
Fellowships of the National Institutes of Health, United States Public Health 
Service, Bethesda, Maryland, and the Medical Research Fund of the Graduate 
School, University of Minnesota. 

‘Goldberg, A., personal communication. 
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originally undertaken in an attempt to determine the anatomical origin 
of the inhibitory factor in the serum, and accordingly various tissues 
and body fluids were studied. Subsequently, it was observed that certain 
hile constituents possessed inhibitory properties, and the investigation was 
extended to include the effects of a variety of these constituents, hemo. 
globin derivatives, as well as certain steroid hormones and related com. 
pounds. The rabbit was chosen as the source of tissues and of some of | 
the body fluids investigated because of the ready availability of the fresh 
normal material. | 
| 


Methods 


The rabbit tissues and fluids were obtained from animals killed by intra. 
venous air injection. The tissues were removed immediately, washed — 
off with physiological saline to remove superficial blood, ground thoroughly 
in a mortar with sand, and extracted with isotonic saline solution. The 
extraction was carried out at room temperature for about 2 hours, after 
which the material was stored in the frozen state until ready for use. 
Subsequently it was thawed, centrifuged, and the supernatant drawn of 
for the analysis. The amount of extract employed in each reaction mix- 
ture generally represented about 0.5 gm. (wet weight) of original tissue. 
In the case of smaller organs, the entire organs, or the pooled material 
from several, were used. Serum alone, and combined with tissue extracts, 
were subjected to the same treatment without alteration of the hyal- 
uronidase-inhibiting property. 

Hyaluronidase from bull testes and hyaluronic acid from human um 
bilical cords were obtained by procedures essentially the same as thox 
previously described (11). In the preparation of hyaluronic acid it was 
found more convenient to dehydrate the ground cord thoroughly by fou 
additional treatments of 2 hours each, with enough fresh acetone to cove 
the material each time. The excess acetone was finally removed by sue 
tion on a Biichner funnel, and when the material was dry it was ground# 
a Wiley mill to a powder which passed a 30 mesh sieve. In this stat 
the material could be stored indefinitely at room temperature without 
appreciably affecting the subsequent yield of hyaluronic acid. 

The procedure for extracting the hyaluronic acid from the dried cori | 
preparation was altered as follows: To each 120 gm. of cord powder, 
ml. of Hayem’s solution and 600 ml. of water were added, and the mixtwt 
was agitated in a Waring blendor for 6 minutes each day for 2 days. Be ‘ 
tween treatments, the material was stored in the cold. The mixture W# | 
then centrifuged for 6 minutes at about 2000 r.P.m., and the supernatatl ‘ 
fluid was removed. The residue was reextracted with an equal volum | , 
of thrice diluted Hayem’s solution by agitation in the blendor for! | i 
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minutes, placed in a refrigerator overnight, again agitated for 6 minutes 
in the blendor, and refrigerated overnight, and finally centrifuged. The 
sedimented material was extracted two more times in this fashion (until 
the supernatant fluids were no longer viscous). The combined superna- 
tants were clarified in the Sharples supercentrifuge and allowed to stand 
overnight in the cold. The clarification in the Sharples apparatus was 
carried out four more times in the same fashion. The hyaluronic acid 
was precipitated with acetone from the final clear liquid, dried, and the 
substrate solution prepared from it as previously described (11). The 
yield of dry hyaluronic acid prepared in the preceding manner is about 
8 per cent, based on dry cord powder. This vield can be increased by 
working up the fine precipitate which was discarded during the acetone 
precipitation of the hyaluronic acid from the clarified aqueous solution. 

The viscosimetric method previously employed for the measurement of 
hyaluronidase activity and its inhibition (11) was used in the present in- 
vestigation. 

Calculation of Hyaluronidase Inhibition 


In previous publications from this laboratory, the hyaluronidase inhibi- 
tion was expressed by the term employed by Haas (7), (R — Ro)/Ro, 
which is a function of the fractional change in viscosity, where Ro is the 
time in seconds for the ‘‘relative viscosity’? (7) of the reaction mixture to 
fall to one-half its initial value, and R is the corresponding time for 7 to 
fall to half in the presence of inhibitor. » = (4; — t)/b, where & is the 
viscosity tube outflow time for the complete reaction mixture, and & the 
corresponding time for the mixture without substrate present. The re- 
action time (f;) that applies to a given measurement of 7 was taken as 
t+ (4/2), where ¢ is the time from the original mixing of enzyme and 
substrate to the beginning of the outflow measurement. 

Dorfman et al. (17) emphasized the advantage of expressing inhibition as 
(1/Ro) — (1/R), a term representing the loss in enzyme activity. At 
100 per cent inhibition, (R — Ro)/Ro equals infinity, while (1/Ro) — (1/R) 
equals 1/Ry. There would be some advantage in employing the terms 
more commonly used in enzyme work, viz. per cent inhibition. Haas (7) 
actually did use this term in some cases, and he calculated it from the 
expression, (1O0A/(A + 1)), where A = (R — Ro)/Ro. When the term 
employed by Dorfman et al. (17) is used, the per cent inhibition would 
be (100 (1/Ry — 1/R))/(1/Ro). By algebraic simplification, both terms 
for the per cent inhibition can be converted to (100(R — R»))/R. The 
relation between per cent inhibition and A calculated from the same data 
obtained in an actual experiment is illustrated in Fig. 1. It will be seen 
that an approximately linear relationship obtains for lower inhibitions 
in both cases. 
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When dealing with tissue extracts or other liquids whose viscosities 
might significantly affect that of the reaction mixture, a correction factor 
is required. In attempting to work out this factor, it was observed that 
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Fia. 1. Effect of quantity of human serum on hyaluronidase inhibition, expressed 
as per cent inhibition, and as A. 


TaBie I 
Values of F* for Rabbit Tissue Extracts, Glycerol, and Gelatin 
Amount of 
Tissue tissue ATs AT. F 
in extract 
em. sec. sec. 
0.9 8.5 4.0 0.74 
0.03 13.8 6.8 0.73 


* A factor to correct for increased viscosity resulting from the presence of tissu 
extracts, etc. 
t Ml. 


the magnitude of the viscosity increase occasioned by tissue extracts, ¢ 
compounds which increase viscosity such as glycerol and gelatin, becamt 
progressively less as the hyaluronic acid was depolymerized. The differ 
ence in ¢; (A7’) between hyaluronic acid solutions, with and without m 
terials that increase the viscosity, was found to be considerably grest# 
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than that (A7..) between corresponding control solutions in which the 
hyaluronic acid is omitted. In other words, the hyaluronic acid causes 
the added materials to increase the viscosity more than they would in the 
absence of the hyaluronic acid. To correct the value of R for the in- 
creased viscosity resulting from the presence of tissue extracts, ete, a 
factor (F) was employed which was obtained as follows: 

With decreasing concentrations of hyaluronic acid, the value of AT 
approaches that of AJ’... It has been assumed that a linear relationship 
obtains between the decrease in viscosity due to depolymerization of 
hyaluronic acid and the accompanying fall in the value of A7’. Hence, 
when 7 falls to half of its original value, the change in AT from zero time 
(AT) to time R can be considered (A7’9 — AT .)/2, and the value of AT 


TABLE II 
Effect of Concentration of Rabbit Intestinal Ertract on Value of F* 
Extract ATs ATe F 

0.3 3.4 1.2 0.68 
0.6 8.4 3.3 0.69 
1.0 16.1 5.3 0.68 
1.5 29.0 9.8 0.67 


* A factor to correct for increased viscosity resulting from the presence of tissue 
extracts. 


at time R becomes AT’) — (AT) — AT’.)/2. The proportion of this latter 
value to that at zero time is taken as the factor (F), or 


wan AT, 
2 
ATs 


F = 


The relative constancy of F is shown in Table I for a group of represen- 
tative tissues, glycerol, and gelatin. The effect of varying the concentra- 
tion of a given tissue extract on the value of F is presented in Table II. 
A value of 0.7 for F has been used for the tissue experiments. The data 
from which AT’) was calculated were obtained by repeated measurements 
of outflow times over a period approximately equal to that used in the 
actual inhibition determination. This also served as a control for the 
detection of the possible presence of hyaluronidase or any other substance 
in the tissue extract that might reduce the viscosity of the mixture during 
the course of the reaction. 

The value of the “relative viscosity” at zero time of the reaction mixture 
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containing enzyme, substrate, and the added solution (tissue extract, ete.), 
No, is given by 


ti, — AT» 
= 
te 


and when the “relative viscosity”’ falls to half of its original value due to 
depolymerization of hyaluronic acid 


No t, — O.7ATs 
2 te 


On rearranging the equation, 


ts 2 ts 

‘Thus, by adding (0.7A7'o)/t to 0/2, a value of the latter is obtained whieh 
is corrected for the presence of the non-hyaluronic acid materials that 
influence the viscosity. The application of this correction is illustrated 
in Fig. 2 which presents the results of experiments with a brain extract 
which had been shown to contain neither hyaluronidase nor an inhibitor 
of this enzyme. The absence of inhibitor was demonstrated by the inability 
of 0.075 m phosphate to decrease the value of R. Haas (7) had demo- 
strated that 0.1 m phosphate can inactivate the inhibitor, and under the 
present conditions 0.075 m also proved effective. The difference in the 
value of 7 between lines a and b, Fig. 2, represents the magnitude of the 
correction for the presence of the brain extract which increases the vis 
cosity. 

A possibility of error exists either if the enzyme solution can hydrolyx 
a viscous constituent in the tissue extract, or if the extract contains » 
appreciable hyaluronic acid concentration. In either event the AT value 
would decrease faster than otherwise. Experiments were performed @ 
liver and kidney extracts in which the usual experimental conditions wer 
employed with the exception that the tissue extracts were substituted fo 
substrate. In neither instance was there any fall in outflow time ove 
an 8 minute period, the duration of most of the viscosity experiments 

Haas (7) has shown that phosphate inhibits the reaction betwee 
hyaluronidase and the serum inhibitor. Therefore the difference in 3 
values with and without phosphate (correcting for a small inhibitor effet 
that phosphate has on the enzyme) gives a measure of inhibitor concet 
tration, and this can be used as another method of determining t® 
serum inhibitor in tissues. 

In the present work with tissue extracts, control experiments wet 
employed in which the viscosity of a mixture of the tissue extract, hyalt 
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ronic acid, and buffer was measured over the experimental period. When- 
ever there was a question of hyaluronidase inhibitor activity in the tissue 
extract, phosphate was employed in a parallel experiment to suppress the 
effect of inhibitor, should any of the latter be present. 


Results 


Tissues and Body Fluids—-No tissue was found that had a detectable 
amount of inhibitor by the method employed. The tissues listed in Table 


0.5 j j i 4 i 


tT, seconds 


Fia. 2. ‘Relative viscosity” curves of reaction mixtures with and without added 
rabbit brain extract. Without brain extract, Curve B, t; = 43 seconds, b = 90/2, Ry = 
320 seconds. With 1 ml. of brain extract, Curve A, t; = 43 seconds, a = (m/2) + 
(0.74To/ts), Ro = 320 seconds. 


III were analyzed; each analysis was performed on the tissue from a 
different rabbit. Haas (7) had examined several hog organs for the 
presence of inhibitor and he also could detect none. His data on thymus 
tissue were inconclusive due to the viscous nature of the extract. 

In the control experiments employed for the calculation of AT’, that 
also serve to detect the presence of hyaluronidase as previously mentioned, 
none of the enzyme was found in any of the tissues tested, including 
undescended testes. The hyaluronidase in 1 mg. of descended testes 
would be readily detected. 

The question arises whether the serum present in the tissues would 
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exert an appreciable inhibition. Since it did not, it is conceivable that 
the tissue effected a destriiction of the serum inhibitor present. This, 


however, appears unlikely since incubation at room temperature for ap. ( 
proximately 1 hour of macerated liver, spleen, lung, or bone marrow with 

III 
Rabbit Tissues in Which Neither Hyaluronidase Nor Hyaluronidase Inhibitor . 
Could Be Detected 

No. Tissue N _— 

Lymph nodes 2 Kidney 3 Mammary gland | |] ag 
Bone marrow 3 Stomach 3 (pregnant rab- | ) 
White blood cells 2 Small intestine 3 bit) | d 

(buffy coat) Colon 2 Uterus and tubes l ; 
Liver 3 Appendix l Ovaries l MN 
Red blood cells l Pancreas 2 Undescended | v 
Thymus 3 Striated muscle 2 testes — 
Spleen 2 Brain 2 Adrenals 2 — 
Gallbladder 2 Lung 3 Pituitaries 1 | 
Cartilage l Thyroid 1 4 
Perirenal fat Eye glands 

Tasir IV : 
‘nhibition of Hyaluronidase by Body F 
“ested | inhibition | K 
. ec 
mi. 
8 0.10 44 22.0 
ey, 3 0.02 39 97.5 of 

2 1.0 38 1.9 

Geld.................. l 1.0 0 0 co 
Human saliva................. 2 1.0 0 0 

2 1.0 0 0 rit 

2 1|1.0 0 0 
Hog synovial fluid..................... 1 0.25 gm. 0 0 7 
added serum in the proportion of 1 part of tissue to 2 of serum did not al: 
alter the inhibitor concentration of the serum. Therefore, it would appear fir 
that the amount of serum in the tissue samples employed was not great en 
enough to exert a demonstrable inhibitory effect by the method used. eff 

Serum, gallbladder bile, and urine all inhibited hyaluronidase (Table IV); ins 
the other body fluids were without effect. It had been shown previously gle 
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(12) that bullous fluid from patients with pemphigus contained inhibitor; 
samples of human ascitic fluid also were found in the present study to 
contain it. Bile and urine inhibitors are not destroyed by heating at 60° 
for 20 minutes, and their inhibition is not decreased in 0.075 m phosphate. 
Both the heat and phosphate inactivate the serum inhibitor. Synovial 
fluid from the hog was tested, but the high hyaluronic acid concentration 
in this material complicates the analysis. Nevertheless, the results indi- 
cated that no inhibitory activity was present. 

Inhibition of Hyaluronidase by Hemoglobin Derivatives, Bile Salis, and 
Sterol Hormone Conjugates—Hemoglobin, its derivatives, the bile salts, 
and estradiol phthalate were first dissolved in a small volume of 0.1 N 
NaOH, neutralized with dilute HCl to approximately pH 8.0 and then 
diluted with several volumes of 0.1 m veronal buffer of pH 7.4. Bilirubin, 
in the concentrations used, precipitated under these conditions and hence 
was used in an unbuffered solution of pH 8.0. The sterol hormone con- 
jugates, with the exception of estradiol phthalate, were dissolved directly 
in the veronal buffer. ‘The effect of the compounds on hyaluronidase is 
presented in Table V, and the relationship between concentration and 
hyaluronidase inhibitions for certain representative compounds is given 
in Fig. 3. 

In addition to the sterol conjugates listed in Table V, several more 
difficultly soluble sterols were tested both in aqueous solution and after 
homogenization in a Potter-Elvehjem homogenizer for 10 minutes with 
serum inactivated by heating at 60° for 20 minutes. The compounds 
were testosterone propionate (Ciba), anhydrohydroxyprogesterone (Ciba), 
Kendall’s Compound FE (Kendall), ethinylestradiol (Ciba), and desoxy- 
corticosterone acetate (Schering). These were without effect. 

Sodium glucuronate (0.5 mg. per ml.), sodium phthalate (0.08 mg. per 
ml), and sodium sulfate (0.75 mg. per ml.) both alone and in the presence 
of serum showed no effect on hyaluronidase. Sodium phthalate, in the 
concentration employed, inhibited the serum inhibitor slightly. 

The hyaluronidase-inhibitory activity of hemin, biliverdin, protoporphy- 
nn, sodium glycocholate, and sodium androsterone sulfate were also studied 
in the presence of 0.075 m phosphate, and no change in inhibitory activity 
was observed. 

Inhibition of Serum Inhibitor—The compounds listed in Table V were 
also tested in the presence of normal human serum. The compound was 
first mixed with the serum, diluted to the appropriate volume, and then the 
enzyme was added. Those compounds which were without inhibiting 
effect on hyaluronidase when tested in the absence of serum were also 
inactive in its presence. In the case of the hyaluronidase-inhibiting hemo- 
globin derivatives and bile salts, and to a lesser extent some of the sterol 
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hormone conjugates, it was found that the inhibition of the serum inhibitor 
and compound when mixed together was far lower than the sum of their 
separate inhibitions. 


TABLE V 


Inhibition of Hyaluronidase by Hemoglobin Derivatives, Bile Salts, and Sterol 
Hormone Conjugates 


Per Calcu- | Pee | 


Calcu- 
cent lated | cent 
Compound ‘centre — Compound | centre — 
ob- tion per | ob- tion per 
served 0.1 mg served (0.1 mg 
Hemin* (Armour) 0.15 | 66 | 44.0 | Sodium pregnane- | 0.70) 34 4.9 
Protoporphyrin*t 0.24; 34 | 14.1 diol glucuroni- 
Coproporphyrin*® 0.33 | 20 6.1 date*} 
IIIt a-Estradiol - 17- | 0.20/ 21 | 101 
Bilirubin*t 0.38 | 73 | 19.2 phthalate*§ 
Biliverdin*t 0.28; 35 | 12.5) Estrone’ sulfate* | 0.65 
Stercobilin*t 0.80 0 0 (Ayerst, McKen- 
Hemoglobin (Ar- | 7.5 0 0 na and Harrison, | 
mour) Ltd.) 
Bilirubin protein | 8.4 0 0 Sodium glycochol- | 5.0 wi is 
compound from | ate (Ames) 
Fraction V-2 | Sodium taurochol- | 20.0 51 | (0.26 
(Squibb) | atet 
Sodium androster- | 0.85 | 44 | 5.2 | Sodium desoxy-| 0.70) 58 | 83 
one sulfate* cholate (Ames) 
(Ciba) Sodium cholate 45.0 35 | 0.7 
Sodium  dehydro- | 0.30, 26 | 5.2 (Ames) 
isoandrosterone | 


sulfate® (Ciba) 


* Crystalline. 

t Prepared in the laboratories of Dr. C. J. Watson, Department of Medicine 
University of Minnesota. 

¢ Prepared by Dr. Saul Cohen, Department of Physiological Chemistry, Un — 
versity of Minnesota. | 

§ Prepared by Dr. W. H. Pearlman, Jefferson Medical College, Philadelphia. 


In Table VI the inhibition of the serum inhibitor by the compound 
found to have this property is demonstrated. Thus, hemin, protopor — 
phyrin, bilirubin, and the bile salts in certain concentrations form serum 
solutions whose hyaluronidase inhibitions are less than that of the serum 
alone. Stercobilin, which did not inhibit hyaluronidase, was found te 
inhibit the serum inhibitor. On the other hand, the serum inhibitor wa 
not inhibited at any of the concentrations of hemoglobin (0.05 to 25 mg. 


So. 


H 
Py 
Bi 
Bi 
e- 


r + 
ir x 
Cc 
4 
er mMg./ ryvi. 


Fig. 3. Effect of concentration of certain compounds on hyaluronidase inhibition. 
Hemin (©), sodium androsterone sulfate (@), sodium desoxycholate (@), sodium 
glycocholate (QO), sodium taurocholate (@). Solubility limitations did not permit 
9 measurements with sodium androsterone sulfate at higher concentrations. 


Taste Vi 


l Inhibition of Hyaluronidase by Certain Compounds in Presence and Absence of 
Human Serum 


Per cent 


Per cent 
Per cent inhibition de = de- 
of inhi- “of inhi. 
| value in pres 
‘pound | | | Sound 
serum Pow mal 
serum serum 
3 
Hemin 0.18} 77 | 38 | 27 | 77 | 8 
ae | 0.36] 9 | 38 | 45 | 6 | 
Protoporphyrin. 0.24 34 64 48 Si | 71 
Bilirubin |0.08| 13 | 6 | 62 | 22 | 
ee 0.38 | 73 66 69 50 77 
re Biliverdin 10.28 | 35 27 36 42 | 
| Stercobilin 0.80 0 29 16 45 
ys Sodium androsterone sulfate . 0.609 | 29 33 SB | i ! 
| “ 0.85) 44 29 
. ‘“  dehydroisoandrosterone sulfate... | 0.50 | 26 52 59 | 24 
‘“_pregnanediol glucuronidate......| 0.70 | 34 45 6 | «619 
@-Estradiol-17-phthalate 0.20; 21 7 61 | 21 
ind: | Sodium glycocholate | 11.5 27 44 27 | 6 | 
5.0 | 57 | 31 | 46 | 48 | 68 
* taurocholate. 0.5 0 40 35 | 12 | 
run 40.0 68 40 6 40 
cholate 15.0 | 368 | 38 | 27 | | 
mg  * Different samples of serum were used for the various experiments. 
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per ml.) or sodium androsterone sulfate (0.15 to 0.85 mg. per ml.) used, 
Other sterol hormones, and coproporphyrin and biliverdin were no 
tested to evaluate their effects on the serum inhibitor due to the scarcity 
of the compounds. 

Decrease in Hyaluronidase-Inhibitory Activity of Various Compounds in 
Presence of Serum—-The loss of hyaluronidase-inhibitory activity of the 
compounds studied due to serum is demonstrated in Table VI in two ways. 


140 


130 
120 : 


T 


8 
<= 
a 
_b 


0.3 64 65 da6 
12 16 20 2 
mg./mi. 


Fia. 4. Effect of concentration of certain compounds in the presence of humm 
serum on the hyaluronidase-inhibitory activity. Hemin (Curves A and A’), sodium 
androsterone sulfate (Curves B and B’), sodium glycocholate (Curves C and C’)). 
Inhibition by serum alone, lines a, 6, and c. Experimental values, Curves A, B, 
and C; calculated values, Curves A’, B’, and C’. Curves A’ and C’ exceed 100 pe 
cent, since they represent inhibition as per cent of the enzyme in a reaction mixtur 
theoretically capable of being inhibited. 


| 


First, the addition of unheated serum to certain compounds resulted 2 — 


solutions which had less hyaluronidase-inhibitory activity than the com 
pound alone in the same concentration, e.g. hemin, desoxycholate, ani 
cholate. Second, the addition of serum, in which the inhibitor had bee 
destroyed by heating at 60° for 20 minutes, to a number of the compound 
also resulted in a solution with less inhibitory activity than that of the 
compound alone. It will be noted that certain of the sterol hormone 
conjugates retain considerably more hyaluronidase-inhibitory activity tha 
the other compounds after dissolving them in serum. 
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L | Effect of Concentration of Inhibitor Compounds on Hyaluronidase Activity 
| in Presence of Serum—The effect of concentration of three representative 
y compounds dissolved in serum is shown in Fig. 4. At all of the concentra- 


tions of sodium androsterone sulfate, an increased inhibitory effect over 
that of serum alone was observed, whereas with hemin and sodium gly- 
cocholate there was first a decrease, and then an increase of the inhibition. 
Sodium androsterone sulfate and sodium pregnanediol glucuronidate, when 

added to serum, come nearest to giving mixtures which have inhibitory 


activities equal to those of the sums of the inhibitory activities of the 
separate constituents. 


DISCUSSION 


Three groups of compounds, sterol hormone conjugates, hemoglobin 
derivatives, and bile salts, have been shown to inhibit hyaluronidase. 
Consideration of the concentrations of these compounds in circulating 
blood and their hyaluronidase-inhibiting effects at these concentrations 
would lead to the conclusion that, individually, these compounds contribute 
little to the total inhibitor content of the blood serum, but all together 
they might exert an effect. There is also the possibility that they may 
play an inhibitory réle in local tissue sites, e.g. the cells of the reticulo- 
endothelial system where the products of hemoglobin breakdown and 
hyaluronidase from phaged bacteria may coexist, in sites of tissue de- 
struction where high concentrations of porphyrin have been observed, etc. 
These compounds differ from the labile serum inhibitor in their greater 
heat stability, and in the fact that their inhibitory a-‘tivity is not de- 
creased in the presence of phosphate. 

Certain effects of structure of the compounds studied on their hyal- 
uronidase-inhibiting properties may be deduced from the data obtained. 
The fact that hemoglobin produced no inhibition, whereas hemin and 
protoporphyrin did inhibit, suggests that the large globin moiety in the 
former may have prevented, by steric hindrance, the combination of the 
inhibiting prosthetic group with the enzyme. Competitive inhibition 
might be expected from certain acid compounds, since the substrate of the 
enzyme is itself acidic. However, when the number of carboxyl groups 
in the protoporphyrin molecule is doubled by replacing the two vinyl 
groups with propionic acid radicals, thus converting the compound to 
coproporphyrin III, the inhibiting effect is reduced. The constitutional 
| difference between hemin and protoporphyrin is the presence of iron in the 

former but not in the latter; this difference is reflected in the markedly 
greater inhibitory effect of the hemin. 

The inhibitions produced by bilirubin and biliverdin are not very dif- 
ferent, but the replacement of the vinyl groups in the latter by ethyl 
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groups and the saturation of double bonds in the terminal pyrrole rings 
to form stercobilin are accompanied by the loss of all inhibitory activity. 
Removal of a hydroxyl group from the cholic acid nucleus to form the 
desoxycholic acid results in an increase of the inhibitory effect. Altera- 
tions in the chain attached to the 17-carbon atom, as in glycocholate and 
taurocholate, have little effect. Sodium androsterone sulfate has inhibit- 
ing properties, but replacement of the saturated Ring I with a benzene 
ring to form estrone sulfate results in the loss of this inhibition. However, 
the reduction of estrone to estradiol effects a recovery of the inhibiting 
property. The introduction of a double bond in Ring II of androsterone 
to form dehydroisoandrosterone has no effect on inhibiting capacity. 

Stercobilin, bilirubin, protoporphyrin, hemin, and the bile salts have been 
found to inhibit the serum hyaluronidase inhibitor; however, their serum 
concentrations tn vivo would appear to be too low to be significant. Never- 
theless, the combined effects of a group of these compounds might be of 
physiological importance, particularly in conditions accompanied by ele- 
vated levels of these substances, and in vivo effects might be appreciable in 
local tissue sites. Since these compounds with the exception of stercobilin 
can both inhibit hyaluronidase and the serum inhibitor, their resultant 
effect would depend on the particular combination of compounds present 
and their respective concentrations. 

It is interesting to note that stercobilin which has certain of the proper- 
ties of Haas’ (18) “proinvasin I,” 7.e. it inhibits the serum inhibitor with- 
out inhibiting hyaluronidase, should be the product of bacterial metabolism 
of a bile pigment. Thus a potential inhibitor of bacterial hyaluronidase 
is converted in the intestines to a compound that aids their invasiveness. 

The clinical observation (19) of the improvement of patients with rheu- 
matoid arthritis by an accompanying jaundice or pregnancy is of interest 
in connection with the present work. In jaundice there exists increased 
concentrations of compounds which we have found to affect hyaluronidase, 
and which might therefore have some influence on the hyaluronic acid 
of the affected joints. Of course this presupposes that hyaluronidase is 
involved in the pathological development, and that remains to be estab- 
lished. Too little is known concerning the blood levels of hormones in 
pregnancy to draw any conclusion as to their réle as hyaluronidase in- 
hibitors in this state. Hakanson and Glick (20) in fact found no change 
in the inhibitor level of the blood serum during normal pregnancy in the 
human. 

The lack of demonstrable hyaluronidase inhibitor in any of the tissues 
studied indicates one of the following possibilities: that there is no 
appreciable accumulation of the inhibitor in the tissues, that it is not 
extracted from them by the technique used, or that the inhibitor is formed 
in the blood stream itself. 
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SUMMARY 


The hyaluronidase-inhibitory activity of certain sterol hormone con- 
jugates, bile salts, and hemoglobin derivatives has been demonstrated. 

On the basis of heat stability and retention of inhibitory activity in 
the presence of phosphate these inhibitor compounds may be differentiated 
from the serum inhibitor. 

In the presence of serum these compounds show a decrease in their 
inhibitory activity, this being least for certain of the sterol hormone 
conjugates. Certain of the hemoglobin derivatives and all of the bile 
salts inhibit the serum hyaluronidase inhibitor. 

Sodium androsterone sulfate differs from the hemoglobin derivatives 
and bile salts in that it does not inhibit the serum hyaluronidase inhibitor 
and is itself inhibited by serum to a smaller degree. 

Of the compounds tested, stercobilin has the unique property of in- 
hibiting the serum inhibitor, and not inhibiting hyaluronidase itself. 

A viscosimetric method for the quantitative analysis of the serum 
inhibitor in the presence of materials that increase viscosity such as tissue 
extracts has been described. 

No tissue has been found which contains a significant amount of hyal- 
uronidase inhibitor. 

In addition to serum, the only body fluids investigated in this study 
that were found to inhibit hyaluronidase are bile and urine. The in- 
hibitors present in the latter are distinct from that in the former as indicated 
by their relative thermostability and independence of phosphate. 

Relationships between the structure of the compounds investigated and 
their inhibiting effects have been discussed. 


The authors are indebted to Dr. C. J. Watson and Dr. E. Larson, Uni- 
versity of Minnesota, for samples of hemoglobin derivatives and bile 
salts; Dr. H. Sobotka, Mount Sinai Hospital, New York, and the Ames 
Company, Elkhart, Indiana, for bile salts; Dr. L. L. Lachat, Armour and 
Company, Chicago, for hemoglobin derivatives; Dr. M. Graubard and 
Dr. S. Cohen, University of Minnesota, for hormone preparations; Dr. E. 
C. Kendall, the Mayo Clinic, for Compound E; Dr. E. Oppenheimer, Ciba 
Pharmaceutical Products, Inc., Summit, New Jersey, and the Shering 
Corporation, Bloomfield, New Jersey, for samples of hormones. The 
technical assistance of Mr. Page R. Edmondson and Miss Marianne 
Rosenstock is gratefully acknowledged. 
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EFFECT OF TRACE IMPURITIES IN ADENOSINE 
TRIPHOSPHATE* 


By G. A. LeEPAGE anp VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, February 24, 1949) 


Adenosine triphosphate (ATP) is a necessary component of the enzyme 
system that oxidizes pyruvate and oxalacetate in homogenates of certain 
animal tissues (1, 2). Muscle adenylic acid is also effective, since it is 
readily converted to ATP. Attempts to confirm or apply the results of 
these studies may be seriously hampered by the use of commercial samples 
of ATP if these preparations contain trace impurities, which are not 
revealed by determinations of ribose, nitrogen, total phosphate, inorganic 
phosphate, and labile phosphate. One such example has already come to 
our attention. In the enzyme system that we employ, the amount of 
tissue in the reaction mixture is very small, and since, as will be shown, the 
per cent inhibition increases as the amount of tissue decreases, this enzyme 
system is a sensitive indicator of trace impurities in ATP preparations. 

Since ATP is an important component of the reaction mixture in many 
enzyme systems that are of current interest, it seems desirable to call 
attention to the fact that various commercial samples contain trace in- 
hibitors, to show how these inhibitors may be easily revealed, and to report 
that, in the case of the preparations examined, the impurities were elimi- 
nated by purification following standard procedures (3). It is thus likely 
that improved preparations can be made available commercially. 


EXPERIMENTAL 


Test System—The enzyme system employed is essentially that of Potter, 
Pardee, and Lyle (2), modified in order to make it more widely available 
for the present type of test. To this end, fumarate may be substituted 
for oxalacetate and cytochrome c may be omitted. The amounts of ATP 
and homogenate are varied for the purposes of the assay. The reaction 
components are as follows: water to make a final volume of 3.0 ml., 0.4 ml. 
of 0.5 m KCl, 0.1 ml. of 0.1 m MgCle, 0.5 ml. of 0.1 m K phosphate of pH 
7.2, 0.4 ml. of 0.05 m K pyruvate, 0.4 ml. of 0.04 m K fumarate, 0.3 to 0.5 
ml. of 0.01 m K ATP, and 0.1 to 0.4 ml. of 10 per cent kidney homogenate 

* This work was aided by a grant from the American Cancer Society on the rec- 


ommendation of the Committee on Growth of the National Research Council and by 
8 grant from the Jonathan Bowman Fund for Cancer Research. 
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in isotonic KCl plus bicarbonate (1). All components are kept cold unti] 
the flasks are placed in the 38° bath. Oxygen uptake is measured for about 
six successive 10 minute intervals in Warburg flasks with no side arms. 

Each reaction mixture is set up in duplicate and the results are the 
average of the two successive 10 minute periods that represent the maxi- 
mum rate. Each preparation of ATP is tested at two levels of tissue, 0.2 
and 0.3 ml. of 10 per cent homogenate, with 0.5 ml. of 0.01 wm ATP, and at 
two levels of ATP, 0.3 and 0.5 ml. of 0.01 m, with 0.3 ml. of homogenate. 
The minimum test thus requires six flasks per sample. 

Preparations—The pyruvate is prepared by diluting 1 N acid, neutraliz- 
ing it with K,CO;, and removing the CO, by aeration. The 1 N pyruvic 
acid is kept in the cold and is prepared by double distillation of Eastman 
pyruvic acid at 2 to 4 mm. of Hg, with immediate dilution of the product. 
The fumaric acid was obtained from Eimer and Amend. Two prepara- 
tions of ATP were prepared in this laboratory by G. A. LePage and by 
W. W. Ackermann, according to methods earlier described (3). They are 
designated as Preparations GAL and WWA in Figs. 1 and 2. Two com- 
mercial samples of ATP are designated Preparations C-1 and C-2. These 
samples were partially but not completely purified by precipitating BaS0, 
in a solution of the preparation as described earlier (3). Repetition of this 
procedure was ineffective. The two preparations were then put through 
the entire purification procedure (3), yielding samples designated as 
Preparations P-1 and P-2. 

The kidney tissue was obtained from young adult male rats obtained 
from the Holtzman Rat Company, and maintained on a stock diet of 


mixed grains. 
Results 


The results are shown in Figs. 1 and 2. While the data include prepara- 
tions that are considered to be primary standards, an impure preparation 
may be recognized without the use of a primary standard. 

In Fig. 1 the rate of oxidation is plotted against the concentration of 
ATP. In the case of Preparations GAL, WWA, P-1, and P-2, which are 


relatively pure, an increase in ATP concentration produced no change it | 


the rate after the maximum rate had been reached. In the case of Prepa- 
rations C-1 and C-2, which were tested as received, the rate of oxidation 
decreased when the amount of ATP was increased, showing that impurities 
were present. These results show that the inhibition is due to the ATP 
preparation and not to any other reaction component. 

In Fig. 2 the rate of oxidation is plotted against the concentration 0 
tissue. In the ideal case a straight line through the origin should be ob 
tained. When Preparations GAL, WWA, P-1, and P-2 were used, the 
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results were essentially the same and yielded a line that passed through a 
point slightly to the right of the origin. When Preparations C-1 and C-2 
were used, a marked shift to the right occurred, vielding lines that were 
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Fie. 1. Effect of ATP concentration on the rate of oxidation of pyruvate plus 
fumarate. See the text for reaction components. Various samples of ATP were 
used: Preparations C-1 and C-2 were commercial samples before purification; Prep- 
arations P-] and P-2 were the same samples after purification; Preparations GAL 
and WWA were made in this laboratory. Preparation GAL was tested in parallel 
with each of the other samples, but the variation between homogenates was so slight 
that data from only one experiment are reported. 

Fic. 2. Effect of enzyme concentration upon the inhibition produced by 0.5 ml. of 
0.0lmATP. See the text for reaction components of oxidative system. The various 
curves were obtained with the same ATP preparations used toobtain the data in Fig. 1. 
Each sample was compared with a primary standard (Preparation GAL). Only two 
experiments with Preparation GAL are shown, since the other data fell within the 
range represented by the experiments reported. The results obtained in the presence 
of 4 of copper added as copper sulfate to a system containing 0.5 ml. of ATP 
(Preparation GAL) are included as another example of inhibition in which the per 
cent inhibition depends on the tissue concentration (cf. (4)). 


parallel to the control data. Partially purified samples of Preparations 1 
and 2 gave lines that fell between the control data and the data obtained 
with untreated samples. These data are almost identical with similar 
data obtained by Ackermann and Potter! using the succinoxidase system 


* Ackermann, W. W., and Potter, V. R., unpublished work. 
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in the presence of 1 or 2 y of copper per flask. Experiments were carried 
out with the present reaction system with various levels of copper, mercury, 
cadmium, iron, and nickel. At final concentrations of 2 K 10-° m, mer- 
curic and cupric ions gave about the same degree of inhibition, cadmium 
was much more toxic, and ferric and nickelous ions were not toxic. Fig. 2 
shows the effect of adding 4 y of copper per flask (2 K 10-*M) at various 
tissue concentrations. The data correspond to what might be expected 
from an inhibitor that is essentially undissociated from the enzyme,' in 
which case the inhibitor has the effect of eliminating an absolute amount 
of enzyme that is independent of the enzyme concentration. The per 
cent inhibition accordingly decreases with increasing enzyme concentration. — 
Whether the inhibition produced by the impure samples of ATP is due to 
heavy metals cannot be concluded from these data. Calcium ions have 
also been shown to inhibit the enzyme system (4). The slight displace- 
ment of the control curves from the origin is believed to be due to impurities 
in the system other than in the ATP, since increasing the concentration of 
the control ATP preparations did not increase the inhibition (Fig. 1). 

The results show that the impurities can be removed by the purification 
procedure previously employed (3). We have been advised by Dr. J. A. 
Bain of the University of Illinois College of Medicine that when this test 
was applied to five samples of commercial ATP only one proved satis- 
factory. We have found one sample of commercial muscle adenylic acid 
to be satisfactory. 

This test does not determine whether a preparation of ATP contains 
adenosine monophosphate or adenosine diphosphate but this problem is 
adequately handled by chemical analyses. In this connection the report 
(5) that ATP spontaneously breaks down to adenosine monophosphate and 
inorganic pyrophosphate does not appear to apply to all samples. In the 
above report the conditions of storage were not specified. Samples of 
ATP (Ba salt) made in this laboratory are dried in vacuo and held in 8 
desiccator over CaCl, The salt is placed in several small containers 
(3 to 4 gm.) which are used up one at a time. In the course of ATP 
analyses reported earlier (1) the fractionation was checked with reference 
to the behavior of inorganic pyrophosphate. At the levels at which ATP 
was used any inorganic pyrophosphate present in the ATP would have 
appeared in the barium-soluble fraction instead of in the barium-insoluble 
fraction in which the ATP was found. No evidence of inorganic pyro 
phosphate was found in a preparation that was 4 years old. 


SUMMARY 


1. Trace impurities in adenosine triphosphate (ATP) obtained from 
commercial sources were shown to produce marked inhibition of the rate 
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of oxygen uptake by rat kidney homogenates in the presence of pyruvate 
and fumarate. 

2. When the concentration of the impure samples was increased, the 
oxygen uptake decreased, and when the rate of oxygen uptake was plotted 
against tissue concentration, the result was a line parallel to but lower than 
the line obtained with control data. 

3. The impure preparations were purified by standard methods to yield 
satisfactory products. 


The authors wish to acknowledge the technical assistance of Gloria G. 
Lyle in carrying out measurements of oxygen uptake. 
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A COLORIMETRIC METHOD FOR THE ESTIMATION OF 
ACETOACETIC ACID IN THE BLOOD* 


By SANFORD M. ROSENTHAL 


(From the Experimental Biology and Medicine Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, February 26, 1949) 


It was observed that acetoacetic acid when coupled with 4-nitrobenzene- 
diazonium salt in a buffered carbonate solution yielded a strong green 
color upon further alkalization. This reaction was given by relatively 
few of the biochemical compounds that have been tested, and the pro- 
cedure has been developed so that, as applied to blood filtrates, it is be- 
lieved to afford a satisfactory measure of acetoacetic acid content. 


Nature of Reaction 


Azo compounds of ketones have long been known and the derivative 
of 4-nitrobenzenediazonium salt with acetoacetic acid has been described 
(1). Isomeric forms which include the hydrazones, as well as multiple 
substitutions to yield formazyl compounds, have also been described (2). 
The Arnold test for acetoacetie acid in the urine is based upon a diazo 
reaction (3). 

The reaction products in our procedure have not been identified, but 
the following evidence indicates that the hydrazone is not involved: 
The hydrazone of acetoacetic acid has a rose color with an entirely different 
absorption spectrum (4); the hydrazone of acetoacetic acid is reported 
to have a color intensity only 6 per cent of that of pyruvic acid (4), while 
in our procedure the green color is approximately 10 times as strong as 
equimolecular quantities of pyruvic acid; the hydrazone reaction is given 
by a-keto acids, while in this method, with the exception of pyruvie acid, 
those tested have given negative responses. 

The absorption spectra of the azo compounds of acetoacetic and pyruvic 
acids in a butanol-benzene solvent are shown in Fig. 1. Two peaks of 
absorption suggested the possibility of two components, and this was 
further indicated by passing the green butanol-benzene extract from 
acetoacetic acid through an activated alumina column 15 cm. in length. 
Upon alkalization of the filtrate a blue component was first obtained, 
followed by a yellow component which appeared upon washing the column 
with butanol. A large part of the absorption occurring below 470 my, and 
extending into the ultraviolet, is contributed by the reagent blank extracts. 


* The author wishes to acknowledge the valuable suggestions and assistance of 
Dr. Herbert Tabor and Dr. Hugo Bauer throughout the course of this work. 
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The blue component, with maximum absorption at wave-lengths of 640 


to 650 mu, forms the basis of our measurements in the test. Preliminary 
experiments indicate that this color characteristic is a function of the 
nitro group in diazotized 4-nitroaniline. Acetoacetic acid reacted with 
the diazonium salt of sulfanilic acid to give a pale rose solution, not ex. 


| 


tractable with butanol; with 4-chloroaniline a deep rose color, com. 


pletely extractable by the butanol-benzene solvent, was obtained. 


Method 


Whole blood or plasma, oxalated or heparinized, is deproteinized by — 


the zinc procedure of Weichselbaum and Somogyi (5). Since small 


volumes of filtrate are desirable, 10 per cent ZnSO,-10H:,0 and approx- 
mately 0.4 n Ba(OH): are used. To 5 cc. of blood or plasma are added 
10 cc. of water, then the amount of Ba(OH)2! as shown to be required by 
titration against the zinc solution (5), and, after mixing, 5 cc. of the ZnS0, 
solution. The tube is corked and vigorously shaken. Before filtering, 
the tubes are centrifuged to increase the quantity of filtrate. 

Three tubes are used in the test. In one tube are placed 5 cc. of the 
filtrate plus 0.5 cc. of 5 Nn H,SQ,; this tube is immersed in boiling water 
for 5 minutes, then cooled in ice water, and neutralized with 0.5 ce. o 
5 N NaOH. 5 cc. of filtrate are placed in the second tube, and 5 ce. of 
water in the third tube for the reagent blank. When high concentrations 
of acetoacetic acid occur, smaller aliquots of the filtrates are taken and 
made up to 5 cc. 

The tubes are placed in ice, and 4 cc. of the buffer mixture added and 
mixed by agitation; 2 cc. of the diazo reagent are added, and the tubes 
agitated and allowed to remain in the ice bath for exactly 10 minutes. 
1 cc. of 5 N NaOH is now added, and the tubes are agitated and replaced 
in the ice bath for 2 minutes. 5 cc. of butanol-benzene solvent are now 
added, and the tubes tightly stoppered with corks and shaken. 

The tubes are centrifuged for 1 to 2 minutes, and, by means of a pipette 
with a rubber bulb, 3 cc. of the solvent are pipetted into small colorimeter 
tubes containing 0.5 cc. of 0.05 n NaOH in absolute ethanol. The colorin- 
eter tubes are stoppered and read in a spectrophotometer at a wave 
length of 640 to 650 my, or in a colorimeter equipped with an approptiate 
filter. 

If the available amount of blood filtrate is not sufficient, all volume 
can be reduced proportionately. 

Standard curves are obtained by using 5 cc. of a solution containing 
0.25 to 4 y of acetoacetic acid per cc.; these dilutions are made up in 


1 The Ba(OH)s must be frequently titrated against the ZnSQ,, as BaCO, precipi- 
tates on standing. 
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Fig. 1. Absorption spectra upon butanol-benzene extracts from tests carried out 
upon solutions containing 1 y per cc. of acetoacetic acid and 10 y per cc. of pyruvic 
acid. Determinations carried out with a Beckman spectrophotometer with cells 
1 em. in length. 


filtrate obtained by carrying out the zine precipitation in water alone. 
The readings of the reagent blank must be deducted from all readings, 
unless the comparisons are made against the reagent blank. 

The extraction with the butanol-benzene solvent is not complete, so 
that the calibration curve is not linear. However, the use of benzene 
does away with many extraneous colors, and it was considered preferable 
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to obtain a low reagent blank at the expense of incomplete extraction. 
For unknown reasons, repeated extraction with this mixture does not 
take up the remaining green color in the aqueous phase. 

The values for the filtrates are obtained from the standard curves: 
after multiplication by the dilution factor, the reading of the boiled filtrate 
is subtracted from that of the unboiled, to obtain the amount of aceto. 
acetic acid per cc. of blood. 

Reagents Required—Distilled water? that is free from copper should be 
employed. Special care is also required that glassware be clean and free 
from copper; overnight soaking in cleaning fluid, followed by rinsing in 
tap water and a final rinse in distilled water, has been found adequate. 

The chemicals should all be of reagent grade. 

Buffer solution. It has been found preferable to make stock solutions 
of the individual ingredients and mix them in proper proportion for daily 
use: mix together 1 part of 1 m oxalic acid and | part of | M tribasie po- 
tassium phosphate; add 2 parts of 50 per cent potassium carbonate. The 
mixture is cooled in ice and 4 ec. added to 5 ec. of the cooled blood filtrate. 

Diazo reagent. This is prepared from a stock solution of 0.1 per cent 
4-nitroaniline in 0.1 N sulfuric acid; it is necessary to heat to boiling to 
bring this chemical into solution. The reagent is prepared freshly a few 
minutes before use by cooling 10 cc. of this solution in ice and then mixing 
with 1 ec. of 4 per cent sodium nitrite. 

Other solutions required are 10 per cent ZnSO,-10H.LO, 0.4 N Ba(OH), 
5 N HSO,, 5 N NaOH, a mixture of equal parts of n-butanol and thio- 
phene-free benzene (CsH¢), and an alcoholic NaOH solution made by 
adding 0.5 ec. of 5 N NaOH to 50 cc. of absolute ethanol (this is conven- 
iently kept in a large cork- or glass-stoppered test-tube so that it can be 
centrifuged if any turbidity is present). 

A 2 per cent solution of acetoacetic acid for use as a standard has been 
prepared (as the sodium salt) every few weeks and kept in the refrigerator: 
1.3 ec. of ethyl acetoacetate (redistilled) are added to 51 ce. of 0.2 N NaOH 
and allowed to stand in the refrigeratur 2 days before using. 0.5 ce. af 
this solution diluted to 1000 ce. yields a solution containing 10 y per ce. 
Ethyl acetoacetate gives a different calibration curve and cannot be used 
as a standard. 

Specificity of Method 

The following compounds’ react to give a green color with an absorption 
peak at 640 to 650 my; their approximate relative intensities (on a molar 

* Water obtained by the use of a Barnstead bantam demineralizer has been found 
satisfactory. 


* Several of the keto acids were supplied by Dr. A. Kornberg, Dr. A. Meister, and 
Dr. H. W. Bond. The oxalosuccinic acid was originally prepared by Dr. 5. Ochoa. 
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basis) are as follows: (1) acetoacetic acid 100, (2) ethyl acetoacetate > 100, 
(3) oxalacetic acid 100, (4) a,y-diketovaleric acid 100, (5) acetylace- 
tone 115, (6) pyruvie acid 10, (7) tyrosine 20, (8) guanine 1.5, (9) thy- 
mine 1.5. 

Among many compounds tested (in amounts from 100 to 1000 y¥), 
those that did not give a significant reaction included acetone, acetonyl- 
acetone, oxalosuccinic acid, a-ketoglutarie acid, levulinie acid, a-keto- 
isocaproic acid, dehydroacetic acid, B-hydroxybutyrie acid, malonic, 
maleic, and malic acids. 

With the exceptions (6) to (9) shown above, the principal reacting group 
appears to require the linkage CC(=O)CILC(=O)--. Several a-alky! 
monosubstitution products of acetoacetic acid also reacted positively. 
The negative response of oxalosuecinic acid may be due to its instability. 

Of the 8-keto acids which respond, only acetoacetic acid is believed to 
be in the blood filtrates in measurable amounts. Should it be desired 
to employ the method to demonstrate acetylacetone or a,y-diketovaleric 
acids, these compounds may be differentiated by their rate of destruction 
on heating in acid solution. While acetoacetic and oxalacetic acids are 
rapid! destroyed, the rate is very much slower with acetylacetone, and 
moderately slower with a,y-diketovaleric acid. It should also be noted 
that oxalacetic acid is changed to pyruvic acid by this treatment; so that. 
the heated solution gives a color reaction equivalent to approximately 
10 per cent of the original. 

Since the other compounds known to give the reaction are resistant 
to brief heating in acid solution, it is believed that the fraction destroyed 
by this heating affords an accurate measure of acetoacetic acid in blood 
filtrates. 

The evidence so far obtained indicates that the residue of color absorp- 
tion at 640 to 650 mu that remains after heating the acidified solution is 
contributed mainly by pyruvic acid. The other known reacting com- 
pounds, in amounts possibly encountered in blood, are retained in the 
zinc-barium precipitate. When 50 y of tyrosine, or 100 y of guanine or 
thymine, were added per ec. of blood, none could be detected in the filtrate. 
With 100 y of tyrosine per cc., approximately 5 per cent appeared in the 
filtrate. 

The special requirements and limitations of the procedure as applied to 
pyruvic acid are discussed below. 

Several amino acids, phenols, and amines react under the conditions 
of the test to give a rose color. The procedure was originally designed 
to detect certain aliphatic amines and diamines‘ after preliminary puri- 
fication, as carried out for histamine (6, 7). These colors fall at another 


*Unpublished data 
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part of the spectrum, and it will be shown below that with a spectropho 
tometer (or with suitable filters) these colors do not interfere with deter. | 
minations of acetoacetic acid upon blood filtrates. 

The method cannot be applied to tissues or to urines without p 
purification of the extracts because of interfering colors. Procedures fo, 
this purpose have not yet been developed.§ 


Tasie I 
Recovery of Acetoacetic Acid (AA) Added to Whole Blood or Plasma 
AA recovered AA recovered 
per c der 
Rat whole blood 3.6 Rabbit whole blood 1.05 
AA per ce. 4.7 + 2+ AA per cc. 3.15 
6.8 Plasma 1.05 
Whole blood 2.65 (2.7)° + 1 AA per ce. 2.15 
AA per cc. 3.6 (3.5) 3.95 
3 “a 5.5 (6.0) 
Human whole blood 1.3 Human plasma 1.4 
+ 27 AA per cc. 3.2 + 2+ AA per ce. 3.5 
Whole blood 2.6 Plasma 2.6 
+ 27 AA per ce. 4.8 + 2 7 AA per ce. 4.8 
* The figures in parentheses represent separate determinations on the sam 
filtrates. 
Results on Blood Filtrates 


In the earlier part of this work a Coleman spectrophotometer (junior 
model) was used; later a Beckman (model DU) was employed. 

The blood samples were immersed in ice upon collection and tests 
carried out as soon as possible. In Table I is shown the recovery of 1 to 
3 7 of acetoacetic acid added to heparinized blood or plasma of sever: 
species. Values within 10 per cent of theory were obtained. 

In Table II is shown the acetoacetic acid content of whole blood and 


‘ Satisfactory purification of certain tissue extracts has been accomplished by 
passing the zinc filtrates through a 1 X 5 cm. column of Amberlite IR-120 (Rohn 
and Haas Company, Philadelphia). The Amberlite _Fequires preliminary washing 
with 1 ~ H,SO, followed by several washings with jwater. Deproteinized filtrate. 
from tissues are obtained by using 1} to 2 times the amounts of ZnSO, and Ba(OH) , 
that are employed for blood, and water to make a final dilution of 1:10. The tiew — 
is thoroughly ground in a mortar with acid-washed sand and the calculated amount 
of Ba(OH), and water. The zinc solution is then added with additional stirring. 
The material is then poured into test-tubes, shaken, briefly centrifuged, and filtered. | 
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plasma of the mouse, rat, guinea pig, and man. ‘The animals were young 
adults of mixed sexes, not fasted except when indicated. Mice and rats 


Taste II 
Acetoacetic Acid Content of Whole Blood and Plasma in Several Species of Animals 
The results are expressed in micrograms per cc. Those for mice were upon 


pooled samples collected from five to ten mice. The values of whole blood and 
plasma opposite each other imply the same sample. 


Rat Mouse 
Whole blood Plasma Whole blood Plasma 
3.8 4.1 2.45 2.65 
4.5 6.3 6.8 7.4 
2.7 
2.3 Fasted 25 hrs. 
5.7 
8.4 50 62 
3.5 141 150 
3.5 
3.0 Fasted 48 hrs. 
290 
Fasted 18 hrs. 
42.5 
Fasted 24 hrs. 
66 | 6 
Man Guinea pig 
0.95 0.97 2.3 
0.55 0.80 1.4 1.62 
1.3 1.4 1.5 
1.6 1.9 1.6 
2.6 2.82 : 
Fasted 24 hrs. 
6.5 | 7.6 
13.2 16.0 
Fasted 48 hrs. 
§.2 . | 5.9 
8.0 9.2 
Fasted 76 hrs. 
6.7 


were kept upon a commercial laboratory pellet diet, while the guinea pigs 
were fed oats and cabbage. Human blood samples were obtained from 
adult male laboratory workers in mid-morning, after breakfast. 

Values in the mouse and rat were higher and more variable than in 
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other species, and showed the rapid and large increases on fasting pre. 


viously reported for the rat (8). The guinea pig showed a much lower | 


response to fasting. 

The plasma showed slight but consistently larger concentrations than 
in whole blood, in contrast to the findings in man of Stark and Somogy; 
(9). While this could possibly be due to the presence of an inhibitor jp 


the cellular elements, no difficulty was encountered in the recovery of | 


acetoacetic acid added to whole blood. 

It was found that the known compounds giving absorption at 640 to 
650 my were all destroyed by allowing 5 cc. of the filtrate acidified with 
0.5 cc. of 5 N H,SO, to stand with 0.8 cc. of 4 per cent NaNO, for 10 min. 
utes at room temperature, or by brief heating. The red color produced 
by certain amino compounds is not diminished by this treatment, but 
usually increases. The majority of the filtrates were submitted to this 


treatment to determine whether the red color normally present affected , 


the readings at 640 to 650 my. In all cases in which the filtrates wer 
subjected to nitrous acid the green color was abolished, while a slight but 
variable residue of red remained. These filtrates when read at 640 to 
650 my gave values as low as or lower than the reagent blank. 

Pyruvic Acid 

The amount of color absorption at 640 to 650 my that remained in the 
acidified and heated filtrates was investigated as a possible index of pyn- 
vic acid content. 

It was first found that pyruvic acid solutions were affected by standing 
at room temperature with the alkaline buffer, so that precautions wer 
needed to have the buffers and the filtrates cold and to avoid long standing. 

It was also found that pyruvic acid was more susceptible than acete 
acetic acid to inhibitors of the diazo reaction, particularly copper, present 
in the reagents. This can be detected in the calibration curve, 5 to 8 
being used; the lowest amount, 5 y, will be largely inhibited. For th 


standards, pyruvic acid was redistilled tn vacuo and kept in the from — 


state at —8°. 

Having obtained satisfactory calibration curves, we found, in accort 
ance with Bueding and Wortis (10), who employed the hydrazone tech 
nique, that the pyruvic acid content of whole blood decreases on standing 
It was not desirable to use iodoacetate, recommenced by these author 
as a stabilizing agent, as this compound affected the color intensities 2 
our procedure. 

Bueding and Wortis report satisfactory pyruvic acid determinations upo 


cerebrospinal fluid; we have likewise found that reproducible results upa | 


blood plasma could be obtained, with good recovery of added pyruvate 


| 


Sa ee 
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The blood samples were immediately chilled in ice water, and briefly 
centrifuged while cold. Whether any changes in plasma pyruvate occurred 
during this procedure is not known. The results of experiments upon the 
recovery of pyruvate added to plasma of several species are shown in 
Table III. These experiments illustrate that under certain conditions 
it may be possible to obtain simultaneous values for acetoacetic and pyruvic 
acids with the procedure. 

Satisfactory recovery has not occurred following the addition of pyruvic 
acid to whole blood, and for this reason no results upon whole blood are 


reported. 
Taste III 
Recovery of Pyruvie Acid Added to Plasma of Several Species 
Pyruvic Pyruvic 
Animal acid Animal acid, 
perce. | per ce per ce. | per ce. 
Guinea pig 23 Rabbit 19.3 
10 31.5 10 29 
20 39 20 38.5 
30 50 30 49.5 
Rat 1 17.8 Human 1 ll 
10 27.5 20 32.5 
30 46.7 11.5 
"2 19.2 20 30 
10 30 8 
20 37 13.3 19 
30 45.5 mG 13 
18 


SUMMARY 


A colorimetric method for the estimation of acetoacetic and certain 
closely related 8-keto acids in small quantities of blood is described. 

Under certain conditions a simultaneous estimate of the pyruvic acid 
content may be obtained from the procedure. 

The method in its present form is not applicable to tissues or urine. 
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THE SYNTHESIS OF GLUTATHIONE IN ISOLATED LIVER* 


Br KONRAD BLOCH 


(From the Department of Biochemistry and the Institute of Radiobiology and Biophysics, 
University of Chicago, Chicago) 


(Received for publication, March 18, 1949) 


The mechanism which is responsible for the formation of individual 
peptide bonds in biological systems has so far remained obscure. There 
has as yet been no successful demonstration of an in vitro enzymatic syn- 
thesis of a simple peptide composed of natural amino acids. Various 
investigators have approached this problem by employing model sub- 
stances which contain a CO—NH linkage but differ from natural peptides 
in that either the carboxylic or amino component or both are not a-amino 
acids. This is true for the acyl peptides studied by Bergmann and Behrens 
(1) and also for acetylsulfanilamide (2), p-aminohippuric acid (3), hippuric 
acid (4), and glutamine (5). In all these cases the enzymatic formation 
of peptide bonds has been demonstrated. The incorporation of amino 
acids into the proteins of isolated tissues has recently been investigated 
with the aid of isotopic tracers (6-9), but experiments of this type do not 
lend themselves readily to a study of the mechanisms involved in the for- 
mation of individual peptide bonds. 

We have previously reported the formation of glutathione from its 
constituent amino acids in rat liver slices (10). It was felt that gluta- 
thione was particularly suited to the study of peptide bond synthesis, 
because no other peptide is obtainable with comparable ease and purity 
from small amounts of animal tissues. These experiments dealing with 
the tn vitro synthesis of glutathione were originally undertaken to test the 
hypothesis that N-acetylamino acids which appear to be intermediates 
in the normal metabolism of amino acids (11) might be concerned in pep- 
tide synthesis (12-14). Experiments with liver slices yielded inconclusive 
results in that glycine and N-acetylglycine were utilized equally well for 
glutathione formation. 

In the course of attempts to differentiate between the behavior of the 
free amino acid and its acetyl derivative it was observed that glutathione 
synthesis proceeds readily in liver homogenates. In this system acetyl- 
glycine, in contrast to glycine, proved to be ineffective. This report 
describes some experiments which have been carried out to study the con- 


*Aided in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial 


Fund of the University of Chicago. Presented in part before the Division of Bio- 
logical Chemistry of the American Chemical Society at Chicago, April, 1948. 


a 
| | 
| 
| 
: 
4 
1245 
: 


1246 SYNTHESIS OF GLUTATHIONE IN LIVER 


ditions associated with the formation of glutathione in these broken cel] 
preparations. 
EXPERIMENTAL 
Synthesis of Isotopic Amino Acids—Glycine and pt-glutamic acid 
labeled with N"™ were prepared as described by Schoenheimer and Ratner 
(15). The amino acids contained 31.5 atom per cent excess N*. 


C'.Glycine—Carboxyl-labeled glycine was synthesized by the following | 


series of reactions: 


(2) CH,C“OBr + Br; ——> BrCH.C"OBr + HBr 
(3) BrCH,C“OBr + H,O ——> BrCH,C“OOH + HBr 
(4) BrCH,C“OOH + NH, ——> NH,CH,C“OOH + HBr 


CH;C“OOH was prepared by the interaction of CH;MgBr with C0, 
Anhydrous potassium acetate was heated with benzoyl bromide in the 
presence of benzoic acid to yield acetyl bromide as described by Anker 
(16). The acetyl bromide was collected in an ice-cooled flask and 1.) 
moles of bromine per mole of acetyl bromide were added slowly. Th 
mixture was warmed and heated on a steam bath for 14 hours and the 
freed of excess bromine and of HBr by a stream of nitrogen. An excess d 
water was added dropwise to the ice-cooled bromoacetyl bromide. The 
clear aqueous solution of bromoacetic acid was then added to a volume 
concentrated NH; containing 70 m excess. The solution was kept at room 


temperature for several hours and then evaporated in vacuo to drynes | 


The residue was dissolved in a small volume of water and the glycine pr 
cipitated by addition of 4 volumes of methanol. The yield after on 
recrystallization from water-ethanol was 55 to 60 per cent, based on th 
potassium acetate used. The radioactivity of the glycine was 100, 


counts per minute counted as an infinitely thick sample after conversa — 


to BaCO;. 

This method for the preparation of carbon-labeled glycine has bee 
found to be more convenient and to give higher yields than that describe 
in the literature (17). Little handling of the radioactive intermediates: 
necessary and after the distillation of acetyl bromide all further operatias 
can be carried out in the same flask. 

Acetylglycine was prepared either from C"-glycine or N"™-glycine & 
previously described (18). 

Incubation Experiments—In the experiments with intact tissue (Table! 
Experiments 1 to 3) 1.5 gm. of liver slices were suspended in a medium ¢ 
the following composition: labeled glycine or acetylglycine 0.01 m, Kreé 
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phosphate buffer of pH 7.4, and 25 mg. of carrier glutathione. The total 
volume per flask was 20 ml. 

The liver homogenates were prepared by dispersing pigeon liver in a 
Waring blendor in a medium of the following composition: phosphate 
buffer of pH 7.4 0.05 m, KCl 0.03 m, MgSO, 0.0024 m, glutamic acid 0.01 
m, cysteine 0.003 m, C*-glycine 0.016 m, and 25 mg. of carrier glutathione. 
The homogenates contained 1.6 gm. of pigeon liver in a total volume of 
20 ml. The final pH was 7.4, and the time of incubation 1 hour. 

The medium in Experiment 1, Table IV, contained N"-glutamic acid 
instead of non-isotopic glutamic acid. The molar ratio of C™-glycine to 
N™-glutamic acid was 1:1. In Experiment 2, Table IV, there were added 
C*-glycine 0.016 m, N¥-NH,Cl 0.008 m, and non-isotopic glutamic acid 
0.016 

Isolation of Glutathione—25 mg. of non-isotopic glutathione per flask 
were added to the incubation medium in order to facilitate the isolation 
of isotopic glutathione in quantities sufficient for purification and isotope 
analysis. No differences in the isotope concentration of glutathione were 
observed whether the carrier was added before or after incubation. After 
incubation the reaction mixture was deproteinized with trichloroacetic 
acid and glutathione was precipitated first as the cadmium salt and then 
as the cuprous mercaptide as described by Waelsch and Rittenberg (19). 
The purity of the glutathione samples which were obtained from the 
experiments with amino acids labeled by N“ was checked by determination 
of Kjeldahl nitrogen. The majority of the glutathione samples which 
contained C were redissolved by the addition of an excess of cuprous 
oxide and reprecipitated by aeration (20). This treatment did not change 
the isotope concentration in the mercaptides, indicating that the product 
obtained in the first precipitation with cuprous oxide was pure. Repre- 
cipitation of glutathione containing C™ in the presence of non-isotopic 
glycine likewise failed to depress the isotope concentration. 

Glutathione formed in homogenates in the presence of C™-glycine con- 
tained isotopic carbon only in the glycine moiety, as shown by the follow- 
ing experiment. 100 mg. of glutathione, with a C™ content of 151 counts 
per minute as an infinitely thick sample after combustion to barium car- 
bonate, were hydrolyzed by refluxing with 20 per cent HCl for 8 hours. 
Glutamic acid was isolated from the hydrolysate as the hydrochloride, 
cysteine as the cuprous mercaptide, and glycine in the form of its tolu- 
enesulfonyl derivative. No radioactivity was detectable in the glutamic 
acid and in cysteine. The C™ content of the toluenesulfonylglycine was 
171 counts per minute as compared to 167 counts calculated from the 
C* content of glutathione. The radioactivity of glutathione therefore re- 
sided exclusively in the glycine moiety of the peptide. 

The quantity of glutathione (in mg.) which is newly synthesized (z) 
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can be calculated from the specific activity (Cy) of the C'-glycine added, 
the specific activity (C) of glycine carbon in the isolated glutathione, and 
the sum of glutathione (in mg.) originally present in the tissue (G,) and 
carrier glutathione added (G;). 


CX (G; + G:) 
z= (1) 


This involves the assumption that the added isotopic glycine is not signif- 
icantly diluted by glycine from the tissues. That this is the case is shown 
by the observation that doubling the molarity of isotopic glycine in the 
incubation medium did not raise the isotope concentration of glutathione. 
Since the amount of carrier glutathione was always much larger (10 to 15 
times) than the tissue glutathione, fluctuation in the original glutathione 
content of the tissues will introduce only a small error in the calculation 
of xz. Glutathione determined iodometrically (21) in aliquot samples of 
the tissue used for incubation was found to vary from 1.3 to 1.7 mg. per 
gm. of wet tissue. An average value of 1.5 mg. for G; was used for the 
calculation of the quantities of newly synthesized glutathione according 
to equation (1). 

No attempt has been made to determine in the present experiments 
whether the total quantity of glutathione increases. It is conceivable 
that concurrently with its formation glutathione is also being removed and 
in this case the total quantity of glutathione may remain unchanged during 
the experimental period. The possibility that there is a considerable net 
decrease of glutathione during incubation of the homogenates under our 
conditions has been ruled out by the finding that the isotope concentra- 
tions in glutathione are the same whether the carrier glutathione is added 
before or after incubation! and by glutathione determinations in controls 
before and after incubation. 

Isotope Analyses—The amino acids and glutathione samples which con- 
tained N"“ were digested by the Kjeldahl procedure and the ammonia 
converted to nitrogen for mass spectrometric analysis as described by 
Rittenberg et al. (22). For C analysis the compounds were burned in 3 
micro combustion apparatus and carbon dioxide precipitated as barium 
carbonate. The C™ content of the barium carbonate samples was meas- 
ured with a thin window Geiger-Miiller counter by the procedure of 
Reid (23). Samples were counted for a sufficient length of time to insure 
less than 5 per cent probable error. The C values are given, unless stated 
otherwise, as counts of C“ per minute of BaCO; samples corrected for 
infinite thickness. 


‘Unpublished results by R. B. Johnston 
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DISCUSSION 


It has been shown previously that in rat liver slices isotopic nitrogen 
from labeled glycine and N-acetylglycine is incorporated into glutathione 
at a similar rate (10). On the basis of these results it could not be decided 
whether acetylation of the amino acid was a preliminary step in the for- 
mation of glutathione. Equivocal results are to be expected from experi- 
ments with liver slices, since both the acetylation of amino acids and the 
hydrolysis of the acetyl derivatives take place under these conditions (11). 
That acetylation does not precede the incorporation of glycine into pep- 


I 
Aerobic Formation of Glutathione from Labeled Amino Acids in Isolated Liver 
The composition of the incubation medium is described in the experimental 
part. 


tration in giutathione® 
acetyl- 
glycine 
added added 
| | hrs. 
l Rat liver slices 4 0.64 0.22 
2 | 4 1.76 1.2 
3 Pigeon liver slices | 1 0.52 1.4 
4 homogenates 1 1.89 0.23 
| “ 1 1.7 0.06 


* Atom per cent excess N™ or specific activity (C**) in glycine moiety calculated 
for 100 atom per cent excess N“ and a specific activity of 100 respectively in labeled 
amino acid added. In Experiments 1 to 4 the amino acids were labeled by N™, in 
Experiment 5 by C™. 


tide linkages is suggested by experiments of shorter duration in which 
glycine gave rise to significantly higher isotope concentrations in glu- 
tathione than did acetylglycine (Table I). In these cases acetylglycine 
is evidently not used as such but only after conversion to the free amino 
acid. The rate of splitting of the acetyl derivative therefore appears to be 
slightly slower than the rate of glycine entrance into glutathione.? This 
difference in reactivity of glycine and acetylglycine is accentuated when 


‘In one experiment with pigeon liver slices considerably more isotope was in- 
corporated into glutathione from acctylglycine than from glycine (Experiment 3. 
Table I). Because of the results obtained subsequently with homogenates, this 
observation was not further investigated. 
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the same process is studied in pigeon liver homogenates. In this system 
the utilization of acetylglycine for glutathione synthesis is very small 
(Table I, Experiments 4 and 5) while isotopic glycine is incorporated at g 
rate comparable to that occurring in intact slices. It is evident therefore 
that in the formation of the cysteinylglycine moiety of glutathione N. 
acetylglycine is not an intermediate and that in this case at least the N. 
acetylamino acid does not take part in the formation of the peptide bond. 
Results by Simmonds, Tatum, and Fruton (24) on the utilization of acetyl- 
amino acids by Neurospora mutants and those by Cohen and McGilvery 
(3) on the formation of p-aminohippuric acid have led these authors to the | 
same conclusion. It is worthy of note that the enzyme system which 
converts the N-acetyl derivative to the free amino acid appears to be © 
almost completely inactivated by homogenization of the liver tissue. 
As is shown by the data in Table I the rate of aerobic glutathione syn- | 
thesis in pigeon liver homogenates, measured by the incorporation of iso | 
topic glycine, is of the same order of magnitude as that in intact slices, 
While the variations in duplicate experiments with aliquots of the same 
liver homogenate never exceeded 10 per cent, the rate of glutathione syn- 
thesis was found to fluctuate considerably with tissue from different 
animals. A total of fourteen experiments was carried out to determine 
the formation of glutathione under aerobic conditions. In nine of these 
the newly synthesized glutathione, calculated from the incorporation of 
glycine carbon, amounted to 0.2 to 0.4 mg. per gm. of liver per hour. 
The rate of synthesis was materially lower in three experiments (0.04, 
0.08, and 0.09 mg.) and greater (0.75 and 1.5 mg.) in two cases. Since 
changes in the quantities of glutathione during incubation were not de 
termined, it is not possible to state whether the incorporation of isotopic 
carbon results in an increase in the total quantity of the tripeptide. 
The stimulating effect of adenosine triphosphate on the rate of glu 
tathione formation is shown in Tables II and III and Fig. 1. The accelers- 
tion by adenosine triphosphate is optimal at a molarity of 5 & 10~ and 
is reversed at higher concentrations. The data indicate a participation d 
adenosine triphosphate in the formation of the peptide linkages in gluts- 
thione, though it is not clear in what manner adenosine triphosphate 
enters into the synthetic process. 2,4-Dinitrophenol has been reported 
to block phosphorylations without affecting respiration (25-27). h 
accord with these findings, dinitrophenol was found to interfere markedly 
with glutathione formation. It should be noted, however, that the m 
hibitor was effective only in relatively high concentrations (4 X 107m). 
The results obtained on addition of succinate, fumarate, or malonate 
(Table III) confirm the impression that the entrance of glycine into 
peptide linkage is associated with energy-yielding reactions. | 
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II 


Effect of Adenosine Triphosphate on Incorporation of C™-Glycine into Glutathione 
in Pigeon Liver Homogenates 


Experiment 
No. 


I 


II 


VI 


Gas phase ATP added | C¥ in glutathione | Glutathione | 

counts per min. Y 

O; 46, 47 62, 64 

Ns ll 15 

_ 1 X 10° 38, 33 51, 46 

127 180 

N: 6.5, 3.7 9,5 

1 xX 10° 33, 30 46, 41 

24 32 

7 1 xX 10° 64 86 

Os 416 670 

Na 65 106 

5 X 10~¢ 110 179 

Os 235 381 

5 X 782 1267 

Ns 140 227 

5 X 132 214 

Os 858 1390 

7X 10-¢ 1656 2683 

Na 230 372 

7 X 297 481 


Each flask contained 1.6 gm. of liver, amino acids, and buffer as described in the 
experimental part; total volume per flask, 20 ml.; incubated for 1 hour at 37°. 


COUNTS C'* IN GLUTATHIONE 


4 6 8 Se 14 
ATP 


Fig. 1. Effect of adenosine triphosphate on the incorporation of C'*-glycine into 
glutathione in pigeon liver homogenates. Each flask contained 1.6 gm. of liver, 
amino acids, and buffer as described in the experimental part; total volume per 
flask, 20 ml.; incubated for 1 hour in oxygen at 37°. 
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The incorporation of glycine into glutathione is reduced to much lower, 
though still significant, levels under anaerobic conditions. In eight experi- 
ments in which glutathione formation in the presence of oxygen and ip 
nitrogen was compared, the average value for anaerobic synthesis was 
17 per cent of that found under the aerobic conditions. In a number of 
experiments the level of anaerobic synthesis was substantially raised by 
the addition of adenosine triphosphate. However, it was not possible 
to reproduce this effect with regularity. Under anaerobic conditions 
adenosine triphosphate was without effect in two experiments out of 
six (Table II) and was sometimes inhibitory at higher concentrations. 


Taste III 
Effect of Metabolites and Inhibitors on Incorporation of C'*-Glycine into Glutathione 
in Pigeon Liver Homogenates 
1.6 gm. of rat liver per flask. Total volume, 20 ml.; composition of medium as 
described in the experimental! part; incubated at 37° in oxygen for 1 hour. 


Additions Molarity C™ in glutathione’ 
counts per min 

None.. no 100 
Adenosine triphosphate. 3 313 
Succinate................ 1x 107 264 
Fumarate. . 1x10? | 250 
Glutamic acid omitted... 25 
Cysteine omitted... | 33 
Malonate........... ..| 1x 10° 39 


* Since the activities of different homogenates varied considerably, the data, 
which are taken from different series, were recalculated for a relative activity of 
100 counts of C* in the control experiment. 


The reason for the occasional failure of adenosine triphosphate to stimu- 
late glutathione synthesis anaerobically has so far remained obscure. 
The synthesis of glutathione from the constituent amino acids must involve 
at least two steps and it is conceivable that only one of these is dependent 
on the supply of phosphate bond energy. The effect of adenosine tr- 
phosphate may therefore become evident only when the supply of other 
endogenous factors is adequate for the synthesis of the entire molecule. 

The majority of the experiments which are reported here have been 
concerned with the incorporation of glycine into glutathione, but evidence 
has also been obtained to indicate that the processes under investigation 
include a replacement of glutamic acid residues in the tripeptide. The 


data in Table IV show the incorporation into glutathione of C“ and N¥ , 
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from a medium in which C™-glycine and N"-pt-glutamic acid were present 
in equimolar quantities. Under these conditions the uptake of glycine 
carbon into glutathione is more than twice that of nitrogen from glutamic 
acid. Since the isotopic glutamic acid used was in the racemic form, and 
since it can be assumed that only the tL isomer is directly employed in 
peptide synthesis, the molar concentration of glutamic acid was in effect 
only one-half that of glycine. Moreover, the liver preparation presumably 


contains glutamic acid dehydrogenase (28) and a replacement of the 
- jsotopic nitrogen in glutamic acid by ordinary nitrogen would be expected 
to result from the action of this enzyme. In this case the N™ concentra- 


tion in glutathione would not be a true measure of the rate of entrance of 
glutamic acid into the tripeptide. The reversible deamination of glu- 


 tamic acid under these conditions becomes evident from an experiment 


Taste IV 
Formation of Glutathione in Pigeon Liver Homogenates 
Relative concentrations 
cur 
C“.Glycine and N“-glutamic acid................. 1.40 0.60 
and N*-ammonium chloride.......... 1.76 0.48 


* Specific activity of glycine moiety calculated for a specific activity of 100 in 
the glycine added. 

t Atom per cent excess N™ in glutamic acid moiety calculated for 100 atom per 
cent excess N“ in glutamic acid or NH,Cl added. Each flask contained 1.6 gm. 
of liver, amino acids, and buffer as described in the experimental part; total vol- 


ume per flask, 20 ml.; incubated for 1 hour in oxygen at 37°. 


with N“H,Cl in addition to C"-glycine and non-isotopic glutamic acid. 
Glutamic acid was isolated after hydrolysis of glutathione and found 


- to contain roughly the same isotope concentration as in the experiment 


with added N"-glutamic acid, showing that amination of ketoglutaric 
acid must have occurred. 
It is also possible that the introduction of N"* from labeled ammonia 


_ observed here is the result of a reversible deamination of the glutamyl 


residue in glutathione itself. Nevertheless it appears likely that the 
process under investigation involves the renewal of both the glutamyl- 
cysteine and cysteinylglycine linkages in the glutathione molecule. 


SUMMARY 


1. Incubation of liver slices and homogenates in the presence of C™- 
glycine or N"*-glutamic acid results in the formation of labeled glutathione, 


, demonstrating the synthesis of the tripeptide under in vitro conditions. 
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2. N-Acetylglycine is utilized for glutathione formation in liver slices 
but not in liver homogenates. This eliminates the acetyl derivative as 
an intermediate in the synthetic process. 

3. Adenosine triphosphate markedly accelerates the aerobic synthesis 
of glutathione in liver homogenates. This stimulation by adenosine tr. 
phosphate was observed also under anaerobic conditions but could not 
always be reproduced. 

4. A method for the synthesis of glycine labeled by isotopic carbon js 
described. 


The author is indebted to Mr. W. Kramer for valuable assistance in the 
course of this work. 
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A STUDY OF THE CHEMICAL ORIGINS OF GLYCOGEN BY USE 
OF C'-LABELED CARBON DIOXIDE, ACETATE, . 
AND PYRUVATE* 
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The problem of the source of the carbons of liver glycogen has com- 
manded the attention of biochemists for several years (1, 2). It is the 
purpose of the present paper to provide quantitative data on the relative 
proportions of the glycogen carbons which were originally the a-carbons 
of pyruvate molecules. 

Following the demonstration by Lardy and Ziegler (3) that phosphory- 
lation of pyruvate to phosphopyruvate can proceed directly in the pres- 
ence of potassium ions, the necessity for postulating the formation of 
phosphomalate and phosphooxalacetate as intermediates in the formation 
of phosphopyruvate has been removed (4, 5). However, the question 
of the relative proportion of pyruvate molecules which enter the dicar- 
boxylic acid shuttle before phosphorylation compared with those which 
are phosphorylated directly has not been previously determined. Our 
experiments provide evidence on this question. However, they shed no 
light on the question of whether phosphorylation of dicarboxylic acids 
can or does occur. 

If one employs a-labeled pyruvate (CH;C“OCOOH) as substrate and 
determines the position and relative concentration of C™ in the glucose 
units of glycogen, one would expect to find C™ concentrated in C-2 and 
C-5 of the glucose carbon chain if pyruvate molecules are phosphorylated 
directly. If C should be symmetrically placed in C-1, C-2, C-5, and 
C-6, then one may conclude that half of the a-C-labeled oxalacetate had 
been converted into 8-C-labeled oxalacetate through equilibration with 
the symmetrical dicarboxylic acids, fumaric and succinic. 

The experiments to be described provide evidence that carboxylation 
of pyruvate and equilibration of oxalacetate with the symmetrical dicar- 
boxylic acids do occur more rapidly than does direct phosphorylation of 
pyruvate. 

EXPERIMENTAL 

Labeled glycogen was prepared by incubating rabbit liver slices in vitro 
in a potassium-rich medium with pyruvate as substrate according to the 

*This work was supported in part by a contract between Harvard University 
and the Office of Nava! Research and the Atomic Energy Commiasion. 
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method previously described (6). Experiments were carried out in the 
presence of NaHC"Q;, carboxyl-labeled acetate (CH;C“OOH), and car. 
bonyl-labeled pyruvate (CH;C*OCOOH). 


General Scheme for Degradation of Glucose 


H—C—OH 
HO—C—H HO—C—H 
| Wohl | 
degradation HCN + 
(C-1) 
H—C—OH H—C—OH 
| (0) | 
H H 
Wohl 
| 
cn,o co, CO, non ~2), co, 
(C-6) (C-6) (C-1) (C-2) (C-2) 
HO—C—H 
H—C—OH (C-1) H—C=NNHC.H, 
+ 2HCOOH + CH 
H—C—OH | (C-4,C-5) (C4) 
(C-3) H—C==0 
H—C—OH 
| 2CO; 
H (C-4, C-5) 


Wood, Lifson, and Lorber (7), in experiments on the synthesis of liver 
glycogen by rats, developed a method for degrading glucose in order to 
determine the position of the isotopic carbon in the molecule. For the / 
present investigation, the mode of degradation shown in the accom- 
panying diagram was developed and used. 

Hydrolysis of Glycogen—In a small flask fitted with a reflux condenser, 
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420 mg. of glycogen suspended in 3 ml. of 1 N sulfuric acid were heated at 
100° for2 hours. The solution was then cooled, diluted with 5 ml. of water, 
and neutralized with a saturated barium hydroxide solution. The super- 
natant liquid obtained after centrifugation was analyzed for its glucose 
content according to the method of Folin (8). 

Two Successive Wohl Degradations of Glucose; Isolation of C-1 and C-2— 
An aliquot of the glucose solution (glycogen hydrolysate) containing 300 
mg. of glucose was evaporated to dryness in vacuo. To the residue was 
added 0.22 gm. of hydroxylamine acetate plus 0.40 ml. of glacial acetic 
acid, and the mixture was heated at 100° for 15 minutes. After cooling, 
(0.25 ml. of acetic anhydride was added to the solution; heating at 100° 
was resumed for 18 minutes. When the solution had been cooled to room 
temperature, it was seeded with glucononitrile; at the end of 12 hours the 
precipitate was filtered by suction, washed four times with 0.1 ml. portions 
of a 2:1 acetone-glacial acetic acid solution, four times with 0.1 ml. por- 
tions of a 9:1 acetone-glacial acetic solution, similarly with acetone, and 
finally with ether. 80 mg. of glucononitrile were obtained, m.p. 146°. 

80 mg. of glucononitrile were dissolved in 3 ml. of water and nitrogen 
was passed through the resulting solution, which was maintained at 85° 
in a water bath; the emerging gases were bubbled into a solution of silver 
nitrate. Decomposition was complete in about 2 hours, as evidenced 
by cessation of precipitation of silver cyanide (C-1). The cyanide was 
converted to CO, and the radioactivity of C-1 determined as BaC"Qs. 

The aqueous solution containing the arabinose formed in the first deg- 
radation was evaporated to dryness in vacuo. The residue, which had 
crystallized after remaining in the vacuum desiccator for 24 hours, was 
converted to arabononitrile by using 0.05 gm. of hydroxylamine acetate, 
0.05 ml. of glacial acetic acid, and 0.05 ml. of acetic anhydride, in sequence 
as described for glucononitrile. 2 ml. of water were added to the arab- 
ononitrile solution and decomposition was effected as described for glu- 
cononitrile. At the end of 7 hours, 9 mg. of silver cyanide containing C-2 
were obtained. The cyanide was converted to CO, and the radioactivity 
of C-2 determined as 

Isolation of C-6—18 mg. of glucose, contained in an aliquot of the 
glycogen hydrolysate solution, were oxidized according to the procedure 
described by Reeves (9). However, instead of isolating the formaldehyde 
as the dimedon derivative, the following method was employed. When 
the yellow color had disappeared after the addition of the sodium arsenite 
reagent, the solution was made alkaline to phenol red by the addition of 
1 N sodium hydroxide, and was distilled until crystals began to form in the 
distillation flask; the distillate was cooled in an ice-salt bath. Then 
0.5 gm. of potassium permanganate was added to the distillate, and the 
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latter was refluxed while a slow stream of nitrogen was bubbled through 
the solution. The emerging gases were passed into a solution of saturated 
barium hydroxide. 5 to 10 mg. of barium carbonate were obtained from 
the carbon dioxide, which, in turn, had been derived from the formaldehyde, 
representing C-6. The radioactivity of C-6 was determined by counting 
the BaC"Os. 

Oxidation of Glucosazone—The osazone of the labeled glucose was pre- 
pared by the usual procedure and counted as such. A portion was then 
oxidized to the 3-carbon osazone by periodate. This oxidation, as origi- 
nally described (10), was carried out in acid solution. However, it was 
desirable, in this case, to carry out the reaction in alkaline solution, a 
condition under which formaldehyde is obtained quantitatively from glu- 
cose (9). In this way the formic acid, representing C-4 and C-5, would 
not be contaminated with material derived from the oxidation of formal- 
dehyde (C-6). 

50 mg. of glucosazone were dissolved in 20 ml. of 66 per cent ethanol, 
the solution was cooled to 30°, 1.38 ml. of 1 N sodium bicarbonate were 
added, and, finally, 1.38 ml. of 0.3 mM paraperiodic acid reagent were intro- 
duced. An orange-yellow precipitate was formed almost immediately; 
after 15 minutes the mixture was centrifuged. The precipitate, 1 ,2-bis- 
phenylhydrazone of mesoxalaldehyde, after being recrystallized from 66 
per cent ethanol, was counted as such. To the filtrate containing formic 
acid derived from C-4 and C-5, 1.38 ml. of 1.2 m sodium arsenite solution 
and 2.1 ml. of 1 N hydrochloric acid were added, and after the red color 
had disappeared the solution was made slightly acid to Congo red by the 
addition of sodium hydroxide. Carbon dioxide was driven out of the 
system by passing a stream of nitrogen through the solution while the 
latter was refluxing, and then 1 gm. of mercuric oxide was added to oxidize 
formic acid to carbon dioxide (formaldehyde is not oxidized by mercuric 
oxide under similar conditions). The CO, thus obtained, representing 
C-4 and C-5, was counted as BaC™O,. 


Resulis and Comment 


Relative Radioactivities of Glucose Carbons from (a) NaHCO, and (b) 
CH,C“OONa—The results of the determinations of the radioactivities of 
the several carbon fractions derived from the labeled glucose containing 
C* from C“O, or CH;C“OONa are presented in Table I. These data 
serve a twofold purpose: (1) the calculation of a conversion factor to 
permit the comparison of measurements of BaC“O,; and C"-labeled osa- 
zones, and (2) the determination of the positions of the C™ in the glucose 
unit in these experiments. 

If it were possible to isolate each carbon in the glucose molecule, the 
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determination of their relative activities would be straightforward. How- 
ever, in the degradation described, only C-1, C-2, and C-6 are counted 
individually in the form of BaCQ;. The activities of C-3, C-4, and C-5, 


_on the other hand, have been calculated from the measurements of C-1 


and C-2 as BaC™Os, of C-1 through C-6 as glucosazone, and of C-1 through 
C-3 as 1,2-bisphenylhydrazone of mesoxalaldehyde. 

The two osazones have almost identical average atomic numbers; con- 
sequently, their activities should be directly comparable. BaCQO,; has 


TaBie I 
Radioactivity* of Fractions Obtained from Degradation of Glucose 


ment Substrate Fraction per 
1 iC*O, + CH,COCOOH A. Glucosazone 16,198 
B. 3-Carbon osazone 8 ,332 
C. (BaCO,) C-1 0 
D. C-2 0 
E. C-4,C-5 5,772 
F. C-6 0 
G. BaCO, from glucose 3,665 
2 + CH,COCOOH A. Glucosazone 16,204 
3 B. 3-Carbon osazone 8 ,036 
C. (BaCQ,) C-1 0 
D. = C-2 0 
E. oe C4,C-5 5,392 
F. C-6 0 
G. BaCO, from glucose 3,570 
3 iCH,C*OONa + CH,COCOOH A. Glucosazone 7,380 
B. 3-Carbon osazone 3,870 
C. (BaCOQO,) C-1 0 
D. C-2 0 
E. C-4,C-5 2,496 

F. C-6 

G 


~ 


. BaCO, from glucose 


* The probable error in individual counts is 2 per cent. 


a much higher average atomic number than the osazones; consequently, 
the former will produce more back-scattering and will have a higher ap- 
parent activity. Therefore, in order to compare the activities of the 
various BaCO; fractions with those of the osazones, a conversion factor 
was experimentally determined. Glycogen was prepared by incubating 
rabbit liver slices with pyruvate in the presence of C“O, or CH;C“OONa. 
The glucose containing isotopic carbon, derived from the glycogen, was 
degraded and comparison made between the osazone and BaCOQ, activi- 
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ties. The results of our experiments are shown in Table II. On the prem- 
ise that isotopic carbon is equally distributed between C-3 and C-4 of 
the glucose molecule (7), the activity per mm of glucosazone Fraction A 
should be twice that of the 3-carbon osazone Fraction B; moreover, the 
activity of the C-4,C-5 Fraction E should be 3/2 that of the BaCo, 
Fraction G, derived from the combustion of glucose. As shown in the 
second and third columns of Table II, these relations were found to obtain. 

Although the activities of the two osazones were directly comparable, 
as were those of the various BaCOQ; fractions, the former were not directly 
comparable with the latter. Thus, if the degree of back-scattering of the 
osazones was the same as that of BaCQO;, Fraction B would be twice 
Fraction E. However, the BaCO,; activities exceed those predicted from 
the osazone activities by approximately 34 per cent (Column 4, Table II), 
In subsequent experiments with carboxyl-labeled pyruvate, the osazone 


Taste II 
Interrelationships of Activities of Various Fractions 
Fraction A Fraction E 2 X Fraction E 
Experiment No. Fraction B Fraction G ~~ Fraction B_ 
1 1.94 1.57 1.38 
2 2.02 1.51 1.34 
3 1.91 1.51 1.29 


counts have, therefore, been multiplied by 1.34 in computing the relative 
activities of the glycogen carbons in order to make them comparable with 
the BaCO; counts. 

A sample calculation from Experiment 4 follows. 


Direct Activity Measurements of C-1, C-2, and C4 
counts per min. per mM 


C-1 (BaCO,) 254 (C-1) 
C-2 273 (C-2) 
C-4 265 (C-6) 


Calculation of Activities of C-3,C-4,and C-5 
counts per min. per mu 


1. Measured activity of 3-carbon osazone 629 
Activity of 3-carbon fraction calculated from glucosazone, = = 712 
Average activity, = = 670 


2. 3-Carbon fraction activity corrected to BaCO, activity, 670 X 1.34 = 898 
3. Activity of C-3 = 
3-Carbon fraction activity minus (C-1 activity + C-2 activity) = 
898 — (254 + 273) = 371 (C-3) 


| 
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counts per min. per mat 

4. Assume activity of C-4 = activity of C-3 = 371 (C-4) 
5. Average measured activity of C-4 + C-5 = 350 
Activity of C-4 + C-5, 350 x 2 = 700 

“«  “ C-5, 700 — 371 = 329 (C-5) 


From the measured and calculated activities of C-1 through C-6, the 
relative C™ activities of the glucose carbons may be calculated. 

The data in Table I indicate that the C™ incorporated in the glucose 
molecule, prepared in vitro as described, and derived from CO, or from 
CH;C“OONa, is present in C-3 and C-4, is not detectable in C-1, C-2, 
and C-6, and is probably not present in C-5. Wood et al. (7, 11), using 
C0, and CH;C"OONa in vivo, have reported that only glucose carbons 
3 and 4 contained isotopic carbon, although the distribution of the isotope 
between these two positions was not indicated unequivocally. In a recent 
foot-note, Lifson, Lorber, Sakami, and Wood (12) have stated that, in 
glycogen produced in vivo, a trace (1 to 2 per cent) of CO, does appear 
in carbons 1, 2, 5, and 6. 

Relative Radioactivities of Glucose Carbons from CH;C“OCOONa—The 
data on the distribution of isotopic carbon in glucose which have been 
derived from CH;C“OCOOH are given in Table III. It is to be noted that, 
with carbonyl-labeled pyruvate (CH;C“OCOOH) as substrate, isotopic 
carbon is found in all 6 carbons of the glucose unit of glycogen. It is 
also found that the isotopic carbons are symmetrically distributed be- 
tween (C-1, C-2, and C-3) and (C-4, C-5, and C-6). This provides con- 
firmatory evidence for the formation of the 6-carbon units of glycogen 
from two tautomeric 3-carbon fractions. 

It is further to be noted that with carbonyl-labeled pyruvate as sub- 
strate the concentration of isotopic carbon in C-1 and C-6 of the glucose 
molecule is relatively high, though not as great as in C-2 and C-5. This 
indicates, on the one hand, that, as in the case of muscle extracts (3), 
the reaction, pyruvate — phosphopyruvate, occurs in rabbit liver slices, 
and, on the other hand, that the dicarboxylic acid shuttle is quantitatively 
a very important intermediate pathway. 

It is also apparent, from the high concentration of C™ in C-3 and C-4, 
that considerable incorporation of C“O:, derived from the metabolism of 
CH;C“OCOOH, has occurred. This is to be interpreted as indicating 
(a) the conversion of carboxyl-labeled pyruvate to C“O, through the tri- 
carboxylic acid cycle, (b) the production of carboxyl-labeled pyruvate 
through the dicarboxylic acid shuttle, and (c) the conversion of the car- 
boxyl-labeled pyruvate to glycogen by phosphorylation and a reversal 
of the glycolytic reactions. 

The minimum number of a-labeled pyruvate molecules required to 
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yield the approximate relative radioactivities observed has been estimated. 
For simplicity of calculation, the radioactivities of the glucose carbons 
have been rounded off to the nearest whole numbers (Table IV). 


Taste III 
Relative Radioactivity of Glucose Carbons Derived from CH,C“OCOOH 
per m molecule ons 
4 Glucosazone 1424 C-1 1 
3-Carbon osazone 629 C-2 1.1 
(BaCO,) C-l 254 C-3 1.5 
om C-2 273 C4 1.5 
C4,C5 350 C-5 1.3 
265 C4 1.05 
5 Glucosazone 1785 C-1 1.1 
3-Carbon osazone 851 C-2 1.6 
(BaCO,) 292 C-3 1.7 
ws C-2 430 C-4 1.7 
C-4,C-5 445 C-5 1.7 
C-4 261 1 
6 Glucosazone 5341 C-1 1 
3-Carbon osazone 2487 C-2 1.45 
(BaCQO,) C-1 827 C-3 1.6 
7 C-2 1199 C4 1.6 
C-4,C-5 1300 C-5 1.4 
xi C4 | 865 C4 1.05 


_ The probable error in individual counts is 4 to 5 per cent. 


Taste IV 
Comparison of Relative Activities of Glucose Carbons, Found and Approrimated 
C-1 1.0 1 | 2 
C-2 | 1.4 1.5 | 3 
C-3 ) 1.6 1.5 | 3 
C-4 | 1.6 1.5 | 3 
C-5 | 1.5 1.5 | 3 
C4 | 1.0 1 | 2 


Taking into consideration the various metabolic possibilities such as 
decarboxylation to acetate, carboxylation to oxalacetate, equilibrium with 
fumarate, oxidation to CO,, and phosphorylation to phosphopyruvate, 
one obtains the following values for the minimum number of molecules of 
pyruvate involved. A minimum of 20 molecules of CH;C“OCOOH would 


tope 
Expe rious 
of 
le 

| 


Y. J. TOPPER AND A. B. HASTINGS 1263 


be required to provide isotopic carbon in C-3 and C-4, 8 molecules would 
have entered the dicarboxylic cycle as far as fumarate before being phos- 
phorylated to phosphopyruvate, and 2 molecules would have been phos- 
phorylated directly, making a total of 30 pyruvate molecules required to 
give the approximate relative activities listed above. 

The detailed basis of these estimates is given below. a-C-Labeled 


pyruvate will be designated as C-6—c. 8-C-labeled pyruvate, atte 
carboxyl labeled pyruvate, C—-C—C; and the glucose unit as 6—C—C— 
6—-0-€. Isotopic carbons are designated C. 

1. By direct phosphorylation of C—~C—C 


C—C—C—C—C—C 
2c—C—C + 2C—C—C — 


2. Equilibration of C—C—C in dicarboxylic acid shuttle before phosphorylation 
Shuttle 4C—C—C 


4C—C—C 
2c—C—C—C—C—C 
2c—c—c—c—c—c 
2c—C—C—C—C—C 
4C—C—C + 4C—C—C 


3. (a) Conversion of C—C—C to CO, + CO; 
(6) Formation of C—C—C 
(c) Direct phosphorylation of 20% of C—C—C 
(d) Equilibration of 80% of C—C—C before phosphorylation 
(a) 20C—C—C 20C0; + 20CO; 
(6) 20C—C—C + 200CO, — 
10C—C—C + 10C—C—C + 10C0, + 10CO, 


C—C—C—C—C—C 
(ec) 2C—C—C + 2C—C—C ¢cooecoc 
4C—C—C 
26—C—C—C—C—C 
4C—C—C + 4C—C—C 
Relative radioactivities of carbons 
c—c—C—C—C-—C 
Carbon No. in glucose unit 123 4 & 6 


It would appear from the results presented that carboxylation of pyru- 
vate to oxalacetate and equilibration in the dicarboxylic acid shuttle 
system occur about 4 times as fast as does direct phosphorylation of 
pyruvate molecules; and that about half as many pyruvate molecules 
are directly converted to glycogen as are converted first to CO: molecules, 
which subsequently appear in glycogen carbons 3 and 4. 
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SUMMARY 


1. Chemical methods have been devised for the determination ef the 
relative radioactivities of the carbon atoms comprising the glucose mole. _ 
cule. 
2. Glycogen was made in vitro by rabbit liver slices with pyruvate as 
substrate in the presence of C“O,, CH;C“OOH, or CH;C“OCOOH. | 

3. In the presence of CO, and CH;C“OOH, only carbons 3 and 4 of 
the glucose unit of glycogen contained C™. 

4. In the presence of CH;C“OCOOH, all carbons of the glucose unit | 
contained | 

5. The experimental results demonstrate the symmetry of carbons |, 
2, and 3 of the glucose molecule with respect to carbons 6, 5, and 4. 

6. From the relative activities of the glucose carbons, the minimum 
number of labeled pyruvate molecules required to yield the experimental | 
results has been estimated. 

7. The proportion of pyruvate molecules which are (a) phosphorylated 
directly, (b) equilibrated with symmetrical dicarboxylic acids before phos 
phorylation, and (c) converted to CO, which is then combined with pyn- 
vate with the production of carboxyl-labeled pyruvate has been estimated. 
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PARTIAL SYNTHESIS OF COMPOUNDS RELATED TO ADRENAL 
CORTICAL HORMONES 


XIII. 3a, lla-DIHYDROXY-17a-STEROIDS* 


Br CHARLES W. MARSHALLt anv T. F. GALLAGHER} 
(From the Department of Biochemistry, University of Chicago, Chicago) 
(Received for publication, February 4, 1949) 


In addition to the compounds reported in the stepwise degradation of 
the side chain of 3a,11a-dihydroxycholanic acid (1), we obtained two new 
steroids possessing the 17a or unnatural configuration of the side chain. 
These were 3a, 1 la-dihydroxy-17a-pregnan-20-one and 3a, 11la-dihydroxy- 
17a-etiocholanic acid. The normal configuration of the steroid side chain 
is considered 178 in keeping with the results of Sorkin and Reichstein (2), 
von Euw and Reichstein (3), and Gallagher and Long (4). 

3a, 1lla-Dihydroxy-17a-pregnan-20-one was obtained by heating the 
diacetate of the normal 20-keto compound with 0.5 nN NaOH in 80 per cent 
ethanol for 1 hour. The 17a-pregnane derivative was more soluble in 
ethyl acetate than the normal cpimer and about 40 per cent of pure 178 
isomer was obtained from the mixture by fractional crystallization. The 
mother liquors were difficult to separate, but in one instance it was possible 
to obtain from ethyl acetate a crop of nearly pure 3a, 1 la-dihydroxy-17a- 
pregnan-20-one as fine silky needles melting in the range 110-120°. 
Chromatography on alumina enriched the early fractions in the 17a deriva- 
tive, but the product was still a mixture. High vacuum sublimation at 
110-115° yielded a glassy sublimate which crystallized from ethyl acetate 
and consisted largely of the 17a epimer with a small amount of the nor- 
mal compound. Continuation of the sublimation at 125-135° yielded a 
product which contained the normal isomer together with a small amount 
of lower melting needles of the 17a compound. Proof that the lower melt- 
ing needles were an isomerization product and not an unidentified con- 
taminant in the original diacetate was obtained by heating 99 mg. of nearly 
pure 3a, 1la-dihydroxy-178-pregnan-20-one ({a], = +93° in chloroform; 


* The work reported here was supported in part by grants from Memorial Hospital 
and Armour and Company, for which we wish to express our thanks. This paper 
represents a portion of a thesis submitted by Charles W. Marshall to the Division 
of Biological Sciences of the University of Chicago in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy. 

t Present address, G. D. Searle and Company, Chicago, Illinois. 

} Present address, Sloan-Kettering Institute for Cancer Research, 444 East 68th 
Street, New York 21. 
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pure substance [a], = +96°) under a reflux with alcoholic base. After — 


collecting four crops of the normal isomer, 14 mg. of fine silky needles, iden. 
tical with the lower melting levorotatory isomer, were obtained. Had 
this minimal amount of 17a derivative been initially present as a contam. 
inant, the rotation of the original product could have been no higher than 
+73°. Further proof that the lower melting needles were a 17a compound 


was obtained when practically all of the isomerization product was con. — 


verted to the normal isomer after six successive reisomerizations. 
When essentially pure 3a,1la-dihydroxy-178-pregnan-20-one was con- 
verted to 3a, 1la-diacetoxy-21-benzalpregnan-20-one, isomerization at C-17 


again occurred. This unwanted rearrangement very probably took place — 
during the acetylation of 3a,1lla-dihydroxy-21-benzal-178-pregnan-2. | 


one, although this has not been rigidly proved, since the formation of the 


Tasie 
Crystalline Modifications of 17a and 178 Epimers of 8a, 11a-Diacetory-#1- 
benzal pregnan-20-one 
Crystal form M_p. (ethanol) {a}, (CHCh) 

degrees 

Needles 162-163 22,500 +71 

116-120 24,000 +70 

Prisms 162-163 +70 

a Spikes 166-168 23,400 —37 

Rods 180-182 22,900 


* This form was obtained when the compound was dried at a temperature below 
80°. Upon drying at 100° and 0.1 mm. for 1 hour, the product was converted to 
needles melting at 162-163°. 


benzal was effected with sodium ethylate at —3°. Acetylation of 3a, lle 
dihydroxy-21-benzalpregnan-20-one (m.p. 215-219°; pure compound 21% 
220°) was achieved by heating under a reflux for 1 hour with acetic an- 
hydride and pyridine. Five crystalline forms described in Table I wer 
isolated, three of which were known to be polymorphic modifications of the 
normal diacetate. The two remaining products had the same rotation, 
differing from the normal by approximately 110° and were thus w- 
doubtedly polymorphic forms of the 17aepimer. Both levorotatory prod- 
ucts exhibited the characteristic ultraviolet absorption spectrum of a 20- 
ketobenzal (1) (€2s%0 = 23,400; €29% = 22,900) and were therefore not end 
acetates, since these have a much higher molecular extinction coefficient 
with maxima at 2930 A and 3030 A (5). These were separated from 
a small sample only. The principal quantity of the mixture of five crystal- 
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‘line forms was degraded to the etio acid by ozonolysis and periodic acid 


oxidation. ‘Two isomeric etio acids were obtained from the reactions, the 
17a in about 30 per cent yield. Confirmation of the structure of the 17a- 
etio acid was obtained by esterifying 640 mg. with diazomethane followed 
by isomerization with sodium methoxide in methanol by the procedure of 
Sorkin and Reichstein (2). 376 mg. (61 per cent) of the higher melting 
normal acid and 72 mg. (11.6 per cent) of the 17a acid were isolated after 
saponification. 

It is clear from these results and from those previously reported (5) that 
enolization of a 20-ketosteroid, especially the highly conjugated 20-keto- 
21-benzalpregnane derivative, is a facile reaction despite the formation of 
an exocyclic double bond. Acetylation of hydroxyl groups in these steroids 
can be more readily and safely accomplished in the cold by the perchloric 
acid-catalyzed reaction of Whitman and Schwenk (6) rather than by pro- 
longed heating in pyridine. It should also be noted, as previously reported 
(1), that saponification of 3a, 1la-diacetoxypregnan-20-one can be effected 
at room temperature for 2 days in a solution of 2 N NaOH in 75 per cent 
ethanol without appreciable isomerization. 


- Table II summarizes the difference in molecular rotation recorded for 


pairs of 20-ketosteroids and derivatives epimeric at C-17. It is apparent 
that the acetyl group attached to C-17 in the @ configuration causes a pro- 
nounced levorotatory shift so that the difference in molecular rotation 
between the two configurations of C-17 is approximately 55,000. This 
value can be a criterion of purity or completeness of separation of the iso- 
mers and the usefulness of this value is illustrated by the following consider- 
ations. Butenandt and Mamoli (13) have described 38-hydroxy-17a-allo- 
pregnan-20-one with [a], = +6° (ethanol). The difference in molecular 
rotation between this product and the 178 isomer ([a], = +90.8° in ethanol 
(14)) is 27,000, from which the conclusion can be drawn that only a 50 per 
cent separation was achieved; it is possible that the product isolated was a — 
1:1 molecular compound of the 17a and 178 isomers. Experimental con- 
firmation of the inhomogeneity of the 17a-20-ketone isolated by Butenandt 
and Mamoli is found in the same report of these authors who isolated both 
17a- and 178-allopregnane-3 ,20-dione from CrO; oxidation of 38-hydroxy- 
l7a-allopregnan-20-one. It is probable that the 17a-allopregnane-3 , 20- 
dione isolated from this reaction still contained an appreciable amount of 
the 178 epimer, since the A[M], is the smallest of all the reported diastereo- 
isomeric pairs. For these reasons the 17a and 178 isomers of 38-hydroxy- 
allopregnan-20-one were not included in Table II and the value for 17a- 
allopregnane-3 ,20-dione should be interpreted in the light of the foregoing 
discussion. From the value A[M]!7#-"6 = 55,000 it can be concluded that 
the hydroxyl group at C-11 does not exert any pronounced vicinal effect 
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Taste II 
Molecular Rotations of 20-Ketosteroids Epimeric at C-17 


Iso- Biblio- 
Derivatives of 20-ketopregnane (or pregnene) Solvent | 
°. No. 

degrees 

1 | 8a-Hydroxy-178 +112 | MeOH (7) 
3a-Hydroxy-l7a —49.7| |=—15,10 
3a-Acetoxy-178 +123 as (8) 
3a-Acetoxy-l7a MeOH (7) ~11.00 

—30.6| EtOH ° 

2 | A*-38-Hydroxy-17¢ +28. (9) 
A‘-38-Hydroxy-l7a —140. (9) \|—44,8 
A*.33-Acetoxy-178 +19.9 “ (9) 
A*-38-Acetoxy-l7a — 126 a (9) |—45,2 

3 | A*-3,20-Dione-178 ‘+187 “ (10) 
4‘*-3, 20-Dione-l7a 0 (10) 

4 | A*-3-Keto-21-hydroxy-178 +178 (11) 
A‘-3-Keto-21-hydroxy-l7a (12) | —2,000 
A*-3-Keto-21-acetoxy-178 +170 | Acetone | (11) 
| “ (12) | 

| —% —9, 

5 | 3,20-Dione-5a, 178 +4127 EtOH (13) 

3, 20-Dione-5a, 17a (13) | —4, 

6 | 3a,lla-Dihydroxy-178 +96 | CHCI, 
3a, |a-Dihydroxy-17a * | —23, 100 
Sa, +71 | “| 
3a, lla-Diacetoxy-21-benzal-l7a —41 | —20, 


*The product was obtained from an equilibrium mixture of 17a and 1% 
pregnanolone generously furnished us by Dr. Willard Hoehn. Careful chromato- 
graphic separation yielded 3a-hydroxy-l7a-pregnan-20-one which melted from 
137-144° (Kofler block); laip = —50° (ethanol or dioxane); the properties of this 
product were not changed by rechromatography or by fractional crystallization. 
The unsharp melting point is believed to be due to the presence of two crystal modi- 
fications. The acetate melted at 158 .5-160°; [a]5 = —30.6° (ethanol). Comparisos 
of the infra-red spectrum of the hydroxyketone with an authentic sample obtained 
from Moffett and Hoehn failed to reveal any difference between the two products. 
Dr. K. Dobriner and Dr. J. Hardy of the Sloan-Kettering Institute, who examined 
the infra-red spectra, inform us that, while the spectra of 3a-hydroxy-178-pregnan- 
20-one and 3a-hydroxy-l7a-pregnan-20-one are not identical, the fact that the strong 
bands of the two compounds overlap to a great extent makes the detection of small 
amounts of the 17a epimer in the 178 compound extremely difficult. From the 
rotation data Moffett and Hoehn’s product still contained approximately 8 pe 
cent of the 178 isomer. We wish to express our thanks to Dr. Hardy, Dr. Dobriner, 
and Dr. Hoehn for their assistance. 


upon the rotatory contribution of C-17. In contrast the vicinal effect of s 
C-21 hydroxyl (Pair 4), while slight, is apparent and is increased by acetyla- 
tion; the vicinal effect of the 21-benzal group appears negligible (Pair 6). 
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A similar treatment of the etio acids and their simple derivatives, sum- 
marized in Table III, shows that the carboxyl group or methyl carboxylate 
attached in the a or 8 configuration to C-17 makes a considerably smaller 
contribution to the molecular rotation than the 17 acetyl group. The 
assignment of a numerical value to the A[M]}’*"* is complicated by the 
greater disparity in the value for these compounds. This may in part be 
due to the unfortunate fact that the rotation was determined in a different 
solvent for the members of the epimeric pair. The two pairs which differ 
most markedly from the other compounds are substances with hydroxyl 


Taste III 
Molecular Rotations of Etiocholanic Acids and Derivatives Epimeric at C-17 
degrees 

1 | Methyl-5a, 178 +49 | Dioxane | (15) | 15,600 28 600 
Methyl-5a, l7a +41 (15) |—13,000, 

2 | Methyl-38-acetoxy-5a, 178 +37 | CHCl, (2) | 16,100 32 200 
Methy!-38-acetoxy-5a, l7a —37 (2) |—16,100, 

3 | Methyl-38-acetoxy-58,178 +54 | Acetone (2) | 20,300 30.800 
Methyl-38-acetoxy-58, —28 | CHCl; (2) |—10,500, 
Methyl-38-hydroxy-58, 178 +57 | Acetone (2) 19,100 29 500 
Methy1-38-hydroxy-58, l7a —31 | CHCl, (2) |—10,400, 

4 | Methyl-3a,12a-dihydroxy-178 +105 | MeOH (16) | 36,800 33. 200 
Methyl-3a, 12a-dihydroxy-l7a +10 | CHCl, (16) 3,600) ~~’ 

5 | Methyl-3a, 128-dihydroxy-178 +52 | MeOH (16) | 18,200 21.400 
Methyl-3a, 128-dihydroxy-l7a | CHCl, (16) | —3,200, 

6 | Methyl-A‘-3-keto-178 +145 | Acetone | (15) | 47,900 37.000 
Methyl-A‘-3-keto-l7a +36 (12) | 10,900) 

7 | 3a,lla-Dihydroxy-178 +60 | EtOH ¥ 20, 200 23. 600 
3a, Lla-Dihydroxy-l7a —10 —3,400| 
Methyl 3a, lla-diacetoxy-178 +46 | CHCl, (1) | 20,000 41.700 
Methy!-3a, lla-diacetoxy-l7a — 50 —21,700; 


functions at C-11 or C-12. Here at least three explanations are plausible: 
(1) that the separation of the products was incomplete; (2) that there is 
vicinal effect of the hydroxyl! function at either C-12 or C-11; or (3) that 
the relatively small rotations were not determined with sufficient accuracy. 
It is significant that the A{M]}7«-""* for the 17 epimers of methyl 3a, 1la- 
diacetoxyetiocholanate is the largest observed in the series. Unfortunately 
it is not possible to decide which of the three possibilities mentioned is 
responsible for this result and further investigation is required in order to 
clarify these inconsistencies. 

We have attempted to establish the equilibrium of the normal and iso-20- 
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ketopregnanes by measurement of the shift in the optical rotation upon 
heating for 30 minutes at 80° in 0.5 N NaOH. From the results presented 
in Table IV it would appear that 66 per cent of the 178 compound and 34 
per cent of the 17a represent the equilibrium condition. These results 
should be compared with those of Moffett and Hoehn (7), who carried out 


similar experiments with 3a-hydroxypregnan-20-one and reported that — 


the equilibrium mixture contained 71 per cent of the 178 compound and 
29 per cent of the 17a. Recalculation of their results with our value 
[a], = —50° for the 17a-20-ketosteroid shows the equilibrium mixture to 
contain approximately 75 per cent of the 178 and 25 per cent of the 17a 
compound. 


Tasiz IV 
Rotatory Shift of Epimers of $a,11a-Dihydrozypregnan-20-one 

Specific rotation at 23° eS 
0.5 EtOH-NaOH | 0.5 w EtOH-NaOH bested 
degrees degrees degrees 

178 +89 +92 +48 

17a — 50 —50 +40 

EXPERIMENTAL! 


8a ,11a-Dihydrory-17a-pregnan-20-one—7.78 gm. of 3a,1la-diacetoxy- 
178-pregnan-20-one, melting in the range 145.5-147°, were heated under 
a reflux for 1 hour in 120 ml. of 80 per cent ethanolic 0.5N NaOH. Crystal. 
lization from ethyl acetate yielded 2.80 gm. of platelets of the normal iso- 
mer, but additional crops were mixtures of platelets and needles. Mother 
liquors and crystals melting below 170° were combined and a series of six 
isomerizations (heating in ethanolic base as above) alternated with frac- 
tional crystallization from ethyl acetate yielded 4.97 gm. (80 per cent) of 
pure 3a,1la-dihydroxypregnan-20-one together with 60 mg. of less pure 
product, 660 mg. of crude mixed isomers, and 187 mg. of needles melting 
in the range 110-120°. The calculated yield was 6.2 gm. and 5.8 gm. were 
realized. The 17a compound was recrystallized from ethyl acetate-petro- 
leum ether as fine silky needles and after repeated purification yielded 3 
product which melted at 120-123° with bubbles; [a]> = —69° (chloro 
form); [a] = —50° (80 per cent ethanol). The behavior on melting ap- 
peared to be due to solvation, but the analytical specimen dried at 80° and 
0.1 mm. for 4 hours showed no loss in weight. 


CuHsOs. Calculated, C 75.41, H 10.25; found, C 74.04, H 10.65 
1 All melting points are corrected. 
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A second analytical specimen, 20 mg. of needles melting at 118—120°, was 
sublimed in high vacuum at 110-115°. The analysis of the transparent 
glassy sublimate, although it exhibited a specific rotation identical with 
that of the crystalline needles, [a]?> = —69° (chloroform), was similarly 
poor. Found, C 74.28, H 12.70. 

99 mg. of 3a, 1la-dihydroxy-178-pregnan-20-one, m.p. 179-180.5°, [a]? 
= +93° (chloroform), were heated under a reflux in an atmosphere of 
nitrogen for 1 hour in 5 ml. of 80 per cent ethanolic 0.8 N NaOH. The 
solution was cooled, neutralized, diluted with 100 ml. of water, and 
extracted three times with ether. The combined extracts were washed 
with dilute brine, dried over sodium sulfate, and the solvent removed under 
diminished pressure. The dried residue yielded jour crops of the normal 
isomer from ethyl acetate, which melted in the range 150-174°. The 
next two crops were needles, weighing 14 mg. and melting at 110-115°; 
= —57° (chloroform). 

Rotatory Shift of 178 and 17a Epimers upon Heating in Alcoholic Base— 
10.9 mg. of platelets melting at 179-180.5° were dissolved in 4 ml. of 80 
per cent ethanolic 0.6 N NaOH. 10.6 mg. of needles melting at 118-120° 
were similarly treated. The solutions were prepared under nitrogen and 
the rotation was determined within 15 minutes. Each was then trans- 
ferred to a bomb tube under nitrogen, and the tubes sealed and heated 
for 30 minutes at 80°. After cooling, the rotation of each solution was 
again determined. ‘The results are shown in Table IV. 

8a ,11a-Dihydrory-17a-etiocholanic Acid—4.46 gm. of the mixture of 17a 
and 178 isomers of 3a,1la-diacetoxy-21-benzalpregnan-20-one were sub- 
jected to ozonolysis and periodic acid fission by the procedure previously 
reported (1). The crude acidic fraction weighed 2.62 gm. (calculated, 
2.96 gm.), but, upon crystallization from ethyl acetate, the third crop 
melted at 200-204°. Upon recrystallization, this product yielded a small 
amount of needles melting at 240° of the 178 acid and 915 mg. of the 17a 
acid in the form of prisms. Recrystallization from ethyl] acetate or dilute 
ethanol gave micro prisms melting at 204.5-205.5°; [a]?# = —10° (95 per 
cent ethanol). 


CasHinO.. Calculated, C 71.39, H 9.59; found, C 71.41, H 9.65 


A mixture with the 178 isomer, m.p. 250°, showed no depression of the 
melting point of the lower melting component and melted at 200-206°. 
Conversion of 3a ,11a-Dihydrory-17a-etiocholanic Acid to Normal I somer— 
644 mg. of 3a,1la-dihydroxy-17a-etiocholanic acid, melting within the 
range 199-205°, were esterified with diazomethane and the crude ester 
dried by distilling off two 25 ml. portions of anhydrous benzene, leaving 2 
ml. of benzene on the residue. 25 ml. of a 5 mM solution of sodium methoxide 
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in methanol were quickly added, the flask connected to a condenser, and | 
the mixture boiled under a reflux in an atmosphere of nitrogen. After | 
30 minutes boiling, 15 ml. of water were added and boiling continued for — 
an additional 15 minutes. The solution was diluted with 50 ml. of wate 
and methanol was removed under reduced pressure. Upon cooling the — 
solution, the insoluble sodium salt of the 17a acid precipitated. The in. 
soluble salt was collected on a fritted disk and washed with a little water, — 
The filtrate was chilled, diluted with water, acidified to Congo red with 10 
per cent sulfuric acid, and sodium chloride was added to a concentration 
of 10 per cent. The suspension was extracted with ether and the ether 
extracts were washed with dilute brine, dried over sodium sulfate, and — 
the solvent removed. The residue weighed 449 mg. and yielded 376 mg | 
of the normal isomer melting in the range 240-248°. The insoluble sodium 
salt was converted to the free acid and isolated in similar fashion. 18 
mg. of the crude acid were obtained from which 72 mg. of crystalline 17e- 
etio acid, identical in all respects with the product described, were ob- 
tained. The mother liquors were not investigated, but were combined | 
with other mixtures of the isomers for reisomerization. 

Methyl 3a,11a-diacetory-17a-eliocholanate was isolated from a sample 
of the mixture of isomers which had been esterified with diazomethane and 
acetylated with acetic anhydride in the presence of HCIO,. It was sepa- 
rated from the 178 isomer by chromatography upon AI,O;, from which it 
was eluted before the 178 epimer. It crystallized from petroleum ether 
as needles, m.p. 141-142°, [a]? = —50° (CHC\,). 


CuHnOs. Calculated, C 69.10, H 8.81; found, C 69.13, H 8.74 


SUMMARY 


Two new steroids and their derivatives with the 17a or unnatural con- 
figuration of the side chain have been described. The molecular rotation — 
differences of the 17a and 178 epimers have been compared with other — 
pairs of similar epimers. 
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THE EGG WHITE INHIBITOR OF INFLUENZA VIRUS 
HEMAGGLUTINATION 


I. PREPARATION AND PROPERTIES OF SEMIPURIFIED INHIBITOR* 


By FRANK LANNI, D.G. SHARP, EDWARD A. ECKERT,t EDITHS. DILLON, 
DOROTHY BEARD, anv J. W. BEARD 


(From the Department of Surgery, Duke University School of Medicine, 
Durham, North Carolina) 


PLATE 4 


(Received for publication, February 11, 1949) 


Several fluids of biological origin, notably, normal serum, normal al- 
lantoic fluid, ovarian cyst fluid, and egg white, have recently been shown 
to inhibit markedly the agglutinative reaction between red blood cells 
and heated influenza viruses, and the results of studies on the purification 
of inhibitor from each of these fluids have already been reported (1-4). 
Of these materials, egg white, which is the most readily available, appears 
possibly to be one of the richest sources of inhibitor (5). Accordingly, 
experiments have been undertaken in this laboratory for the purpose of 
purifying and characterizing the inhibiting component of egg white. 
The products have been investigated with respect to biological activity, 
chemical composition, appearance in electron micrographs, sedimentation 
and electrophoretic behavior, and other properties. 


Materials and Methods 


The swine influenza virus for titrating the inhibitor was the same prep- 
aration of egg-adapted strain 15 cultured in chick embryos and concen- 
trated by Sharples centrifugation of virus-infected chorioallantoic fluid 
previously described (6). The coficentrate was passed through one cycle 
of alternate low and high speed spinning in the vacuum type ultracentri- 
fuge. The nitrogen content of the final suspension was 234 y perml. The 
50 per cent point infectious unit of this virus preparation was 10~-” gm. 
of N on February 9, 1948, 3 months after concentration and purification. 
Titration on December 6, 1948, revealed a 50 per cent point unit of 10-1?” 
gm. of N, a decline of about two 10-fold dilutions in infectious capacity. 

Inhibitory activity was titrated against a constant amount of heated 


* This work was aided by a grant to Duke University from the Lederle Labo- 
ratories Division, American Cyanamid Company, Pearl River, New York, and by 
the Dorothy Beard Research Fund. 

t Predoctorate Fellow of the United States Public Health Service, National 
Cancer lnstitute. 
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virus, prepared by diluting the stock virus described above to 1 ¥ of N 
per ml. with buffered saline (0.81 per cent NaCl, 0.005 m phosphate, pH 
7.3) and heating for 30 minutes at 53°.! Progressive 2-fold dilutions of 
inhibitor solutions were made in bulk with buffered saline, and 0.5 ml. 
portions were distributed in Wassermann tubes. A volume of 0.5 ml. of 
heated virus, diluted to contain about eight hemagglutinating doses per 
ml., was added, and the mixtures were allowed to stand for 30 minutes at 
room temperature. After this time, 10 ml. of 2 per cent chicken red 
blood cells was added, and the agglutination readings, recorded as 0 to 
++-+-+, were made as usual (8) after 1 hour. The inhibition titer of a 
preparation is defined as the reciprocal of the final dilution of the prepara- 
tion in the reaction mixture which gave the standard ++ end-point of 
hemagglutination; ++ hemagglutination is given by one hemagglutinating 
dose of virus. Most of the end-points were obtained by interpolation 
from the results with two adjacent mixtures, the first giving less and the 
second giving more than the standard end-point agglutination. Dupli- 
cate determinations generally agreed to within 10 per cent. The purifica- 
tion factor of a fraction, defined as the ratio of egg white N to fraction N 
at the ++ end-point, was calculated from the results of parallel titra- 
tions. In the present experiments, the character of the hemagglutination 
curve in the gradient region was independent of the purity of the inhibitor- 
containing solutions. This independence was observed with materials, 
including crude egg white, highly purified fractions, and residues, which 
differed as much as 300 times in purification factor. Furthermore, a 
mixture of a purified fraction with purification factor 34 and a residue 
with a factor of 0.15 had an inhibitory activity equal (within 10 per cent) 
to the sum of the activities of the separate fractions; the two fractions 
were allowed to contribute approximately the same activity to the mix 
ture. These two features of the titrations indicate that the inhibition 
titer is independent of purity (ef. (2)). 

Sedimentation studies were made with the air-driven analytical ultra- 
centrifuge (9) by the schlieren or Lamm scale methods. The electron 
microscope Was the KCA type B instrument (10). Electrophoretic studies, 
by means of the Tiselius electrophoresis apparatus equipped with a Svens- 
son optical system (11), were made both in veronal and in phosphate 
buffers of 0.1 ionic strength. Ultraviolet absorption studies were made 


with the Beckman quartz spectrophotometer. The viscosity determina — 


tions were carried out in capillary viscometers (12) at 29.78°. Nutrogen 
was determined either by a micro-Kjeldahl distillation method or by § 
direct nesslerization method adapted to the determination of quantities 


! Unheated virus is not suitable for the titrations because it inactivates inhibitor 
rapidly (6). Heated virus, prepared as described, is essentially devoid of inhibitor4 
inactivating capacity (7). 
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from 5 to 80 y. Carbohydrate was determined with the orcinol reagent 
(13) and calculated as glucose. 


Results 


Fractionation—1 volume (200 ml.) of fresh egg white, strained through 
fine gauze, was poured intg 7 volumes of 0.1 M KH,PO,, and the mixture 
(pH 5.7 by the glass electrode) was allowed to stand 1 hour at room tem- 
perature with frequent swirling. The stringy precipitate was obtained 
by centrifuging (supernatant fluid = SI), washed once with 2 volumes 
(referred to egg white) of 0.085 mM phosphate buffer at pH 5.7, and sus- 


Tasie I 
Properties of Egg White Fractions Obtained with Phosphate Buffers (Experiment A178) 


Fraction (ne text) | Inhibition | yy Purifcation | 

Y per mi. per cent 
Egg white........ 1 47 ,000 18, 200 1.00 100 
8 1,100 2,170 0.19 19 
Se 2 320 85.4 1.4 1.4 
10 470 (2.5)t (72) 
EE 6 1,100 11.4 37 14 
10 1,800 19.9 35 38} 
ESS 6 350 (3.0)t (45) 4.5 
10 1,400 13.0 41 30 
ee 1 16,000 148 41 34 
PIII-EII.......... 0.5 7,500 46.5 62 8.0 
PIII-EIII......... 0.5 930 5.7 62 1.0 

* Inadequately dispersed. 


t Nitrogen too low for accurate analysis. 
? The data apply to stage samples and are not to be included in the sum. 


pended in 1 volume of 0.06 m phosphate buffer at pH 7.2. A stage 
sample of 1.0 ml. of the suspension was dispersed in 9.0 ml. of phosphate 
buffer at pH 7.2 and centrifuged, giving the supernatant fluid PI for 
analysis. The remainder of the suspension was precipitated twice with 
5 volumes of 0.088 m KH,PO, each time, giving the supernatant fluids 
SII and SIII, corresponding to SI, and the stage samples PII and PIII, 
corresponding to PI. The final highly viscous suspension, in unit volume 
referred to egg white, was shaken briefly and centrifuged, giving the ex- 
tract PIII-EI. The undissolved, gelatinous material was then extracted 
twice more with 0.5 volume of phosphate buffer at pH 7.2 each time, 
giving the fractions PIII-EII and PIII-EIII. At each step in the fore- 
going procedure, the material was allowed to stand for at least 1 hour. 
The results of Table I show that approximately 80 per cent of the egg 
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white inhibitory activity was precipitated with approximately 5 per cent 
of the egg white nitrogen in the initial step. Washings after the firs 
(other experiments) and subsequent precipitations contributed little to 
the purification. On the other hand, the first extract (e.g., PIII-EI) of g 
given precipitate was not as pure as subsequent extracts, possibly because 


the removal of inert material was facilitated by the swelling which oc. 


curred when the precipitate, always difficult to disperse and dissolve, was 
treated with phosphate buffer at pH 7.2. 


Several alternative methods of purification have been investigated — 
briefly: (a) dilution of egg white with several volumes of water; (b) dilu- 


tion with 7 volumes of 0.1 m acetate buffers; (c) half saturation with am- 
monium sulfate; and (d) fractionation by the method of Sgrensen (14). 
In each case the activity was concentrated in the least soluble fraction, 
but none of these methods, which were explored only in a preliminary way, 
gave products more than 10 times as active as egg white on an N basis. 

When it was found that the egg white inhibitor could be sedimented in 
high centrifugal fields (cf. (4)), several purification experiments were 
carried out, utilizing this property of the inhibitor. Egg white, diluted 
5-fold with 0.06 m phosphate buffer at pH 7.2, was centrifuged for % 
minutes at 67,000 X g in the vacuum type quantity ultracentrifuge. The 
supernatant fluid (UC-SI) was pipetted off, and the gelatinous, runny 
pellets were washed with 0.085 m phosphate buffer at pH 5.7, pooled, and 
extracted with 0.06 m phosphate buffer at pH 7.2. The extract (UC-PI) 
was Clarified at low speed and centrifuged for 60 minutes at 67,000 x 
g, giving a supernatant fluid (UC-SII) and gelatinous pellets, which wer 
extracted with buffer at pH 7.2 (UC-PII). The cycle was repeated, giv- 
ing the supernatant fluid UC-SIII and the pellet extract UC-PIII. The 
properties of these fractions are summarized in Table II. While this 
method gave products comparable in purity with those obtained by the 
phosphate buffer method, the latter is superior, since it allows the handling 
of a greater volume of material. 


Recently, Hardy and Horsfall (4) reported that they were able to obtaia 


by cold alcohol precipitation of egg white a fraction which was approx: 
mately 5.4 times’ as active as egg white on the basis of dry weight, # 
tested against the PRS strain of influenza virus A. The most purified 
preparations obtained in the present work, e.g., Preparation A178-PIll- 
EII of Table I, were approximately 60 times as active as egg white ons 


nitrogen basis and approximately 55 times as active on the basis of dry l 


weight, assuming a nitrogen content of 12.5 per cent (see below). 


* Calculated from their report that 0.25 per cent egg white and a solution of putri- 
fied material containing 0.06 mg. per ml. each had the same inhibitory activity # 
normal allantoic fluid. Egg white contains 13.0 per cent total solids (15). 
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General Properties—The inhibitor solutions contained up to 300 y of 
N per ml. in 0.06 m phosphate buffer at pH 7.2. In general, the purifica- 
tion factor of these preparations was inversely related to the nitrogen con- 
centration; no preparations with purification factor 60 were obtained in 
concentrations greater than 60 y of N per ml. The preparations were 
characterized by a blue scattering, a high viscosity (see below), and a 
tendency to form shreds of denatured material on swirling or on shaking 
with air. One preparation, A187-PI-EI (Table III), was shaken with air 
for 1 hour at room temperature (26°) and centrifuged at low speed to 
remove the considerable precipitate which formed. The supernatant 
fluid contained 3 per cent of the inhibitory activity and 13 per cent of 
the nitrogen of the starting material. Preliminary experiments showed 


II 
Properties of Egg White Fractions Obtained with Ultracentrifuge (Experiment 
A177) 
por ml. per cent 
1:5 egg white 1.0 9,600 3500 1.00 100 
1.0 2,000 3200 0.23 21 
Wash.. 0.33 3,200 366 3.2 ll 
| 0.27 12,000 202 22 34° 
UC-SII. 0.27 4,100 139 11 11 
UC-PII 0.21 5,400 53.9 37 12° 
UC-SIII.......... 0.21 1,600 17.5 33 3.5 
0.14 1,200 9.0 49 1.8 


* The data apply to stage samples and are not to be included in the sum. 


that the thoroughly washed sediment was capable of combining with 
both heated and unheated swine influenza virus. The same prepara- 
tion was heated at 90° for 1 hour with no change in activity (cf. (1, 2, 4, 
16, 17)).. A second preparation, A178-PIII-EI (Table I), was dialyzed 
in Visking casing against buffered saline (pH 7.3) for 48 hours in the cold 
with a decrease of 6 per cent in inhibitory activity and 10 per cent in 
nitrogen concentration. No optical activity or birefringence of flow could 
be demonstrated. 

Chemical Properties—A preparation containing 60 y of N per ml., with 
purification factor 60, gave positive Millon’s, xanthoproteic, and biuret 
tests and a doubtful ninhydrin test for protein. A positive test for car- 
bohydrate was obtained with the orcinol reagent, but the Molisch test 
was negative (cf. (4)). 

Preparation A178-PIII-EI (Table I) was dialyzed exhaustively against 
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flowing distilled water,’ frozen, and dried in vacuo, yielding a white, eo. — 
hesive, flexible shell, which did not readily redissolve in 0.06 m phosphate | 


buffer at pH 7.2. The yield of lyophilized material was 1.25 mg. per ml, 
of starting material. After further drying to constant weight in vacuo 


over P,O, at 50°, analyses gave for C 48.1, H 6.7, N 12.5, S 2.4, and ash © 
1.4 per cent; no phosphorus was present.‘ The carbohydrate content, - 
determined with the orcinol reagent on the dry material and calculated | 


as glucose, was 10.3 per cent. 
Viscosity and Carbohydrate Content in Relation to Inhibitory Activity— 
Fractions obtained by the phosphate buffer method described above, with 


Tas.e III 


Viscosity and Carbohydrate Content of Egg White Fractions in Relation to Inhibitory 
Activity (Experiment A187) 


| Carbo- 
nol) 
10% egg white........... 1700 | 4,800 | 928 | 0.1304 2.8 0.55 | 0.0768 
PEs Soecedeecccoccces 299 130 | 150 | 0.0088 0.43 | 0.50 | 0.029 
Pen Seteresccecoccses 290 | 18,000 | 262 | 0.615 62 0.90 | 2.12 
sb decdsccscccccess 238 | 24,000 | 250 | 0.945 | 100 1.05 | 3.97 
ee 183 | 23,000 | 224) 0.819 | 130 1.22 | 4.48 
10% thin egg white.....| 1760 | 1,600 0.0824 0.91 0.0468 
10% thick “ aroreree 1750 | 8,800 0.1552 5.0 0.0887 


* All the fractions were in 0.06 
per cent merthiolate (Lilly). 
t Relative viscosity minus 1. 


phosphate buffer at pH 7.2, containing 0.01 


slight modifications, were analyzed for N, carbohydrate (orcinol), vis- 
cosity, and inhibitory activity, with the results shown in Table III. The 
recorded values refer to solutions at the concentration at which the vis- 
cosity measurements were made. It is evident that progressive purifica- 
tion of the active component is accompanied by progressive increase iD 
the viscosity: N and carbohydrate: N ratios; plots of each of these ratios 
against the titer:N ratio show an essentially linear relation. It would 
appear that the inhibitory activity is associated with a highly viscous 

® Very little precipitate formed during this dialysis, which was carried out ons 
rocking device in the cold without the inclusion of an air bubble. In other experi- 


ments, variable amounts of precipitate formed when air was included. 
‘ These were made by the Oakwold Laboratories, V. A. Conard, Director, 


Alexandria, Virginia. 
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component which has a carbohydrate content, as determined with orcinol, 
appreciably greater than the average egg white content. Furthermore, 
the data suggest that the inhibitor itself, contributing 2 per cent or less 
of the total egg white N, is responsible for a great part of the high viscosity 
of crude egg white. This conclusion is supported by a comparison of the 
properties of thin and thick whites separated from the same eggs (Table 
III). The probable identity of inhibitor and viscous component is af- 
firmed by the recent observation (18) that purified swine influenza virus 
is capable of reducing greatly the viscosity of solutions of purified inhibi- 
tor; the inactivation of inhibitor by virus has already been reported (6, 
7). 


Scale Line Deflection — Microns 
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Text-Fic. 1. Sedimentation diagram of a preparation of the egg white inhibitor 
(Preparation A187-PI-E1II, Table III). The boundary, sedimenting in a mean 
centrifugal field of 46,450 X g, is shown in five positions by the five scale curves 
taken at intervals of 10 minutes. The preparation contained 183 y of N per ml. 
The sedimentation constant was 3) S. 


Sedimentation Behavior—Sedimentation studies were made with several 
preparations containing from 75 to 183 y of N per ml. in 0.06 m phosphate 
buffer at pH 7.2. At 75 y of N per ml. a boundary was barely visible, 
but at concentrations above this level, distinct boundaries were seen. 
A Lamm scale diagram of Preparation A187-PI-EIII (Table III), con- 
taining 183 y of N per ml., with purification factor about 45, is shown in 
Text-fig. 1. The diagram shows a single, fairly sharp boundary, spread- 
ing somewhat in the course of sedimentation. The spread of the bound- 
Ag comparable with that of the boundaries of the influenza viruses 
19). 

The sedimentation constants obtained with various preparations ranged 
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from 31 to 37 S. The sedimentation constant of the preparation of Fig, 
1 was 318. As with other highly viscous materials (20), a definite rela- 
tion was seen between the rate of sedimentation and the concentration of 
the inhibitor, the rate being slower at the higher concentration. 

Calculations of the particle size of the sedimenting material on the as- 
sumption of a spherical shape and a hydrated density of 1.25 give a 
value of about 15 my for the mean diameter. 

Electron Micrography—The inhibitor preparations in 0.06 m phosphate 
buffer at pH 7.2 were diluted 1:10 to 1:100 with distilled water. Col. 
lodion films were prepared in the usual way, and the material dried on the 


Extinction Coefficient - cm?/mg. Nitrogen 


250 260 270 280 290 300 310 320 330 
Wavelength - Millimicrons 


Text-Fiac. 2. Ultraviolet absorption spectrum of a preparation (AJ78-PIII-El, 
Table 1) of egg white inhibitor. 


film was lightly shadow-cast with chromium. A micrograph (Fig. 1) of 
preparation UC-PI (Table II) diluted 1:10 with water shows images of 
widely varying size closely crowded together. Most of the individual 
particles are exceedingly small and approximately spherical, while the 
larger images have the appearance of aggregates of the smaller particles 


na 


A micrograph (Fig. 2) of preparation A178-PIII-EI (Table I) diluted 1:10 | 
reveals particles in the same size range as the individual small particle — 


visible in Fig. 1. Neither micrograph shows unequivocal evidence 
systematic aggregation of the particles in all parts of the field, although 
there is some suggestion of a thread-like aggregation in localized areas d 
Fig. 2. It is doubtful whether this appearance is wholly an artifact, 
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since the orientation of the threads is independent of the direction of 


| shadows, though it is possible that the thread appearance was produced 


in the drying process. Calculations from measurements of the images 
give a diameter of about 10 to 20 mu for the particles of predominant size. 
Ultraviolet Absorption—The ultraviolet absorption spectrum of Prepara- 
tion A178-PIII-El (Text-fig. 2) shows a maximum at 2780 A, in the region 
typical of most proteins. The dependence of optical density on concentra- 
tion was essentially linear, as determined at the maximum. 
Electrophoresis—Examination of Preparation A178-PIII-EI (Table I) 
in veronal buffer of pH 8.6 and ionic strength 0.1 showed two well defined 
components, one, with mobility —3.5 X 10-* cm.? sec.~ volt~', comprising 
71 per cent, and the other, with mobility —7.17 X 10-*, comprising 29 
per cent of the total electrophoretic area. In a further experiment, 15 ml. 


_ of the same preparation were centrifuged twice for 20 minutes at 40,000 


X g each time, the supernatant fluid being collected with a pipette. Tests 
of the final supernatant fluid showed that approximately 28 per cent 
of the initial nitrogen, but very little of the inhibitory activity, had been 
sedimented. Electrophoresis in phosphate buffer of pH 7.2 and ionic 
strength 0.1 showed again two components with mobilities of —3.05 and 
—7.54, comprising 70 and 30 per cent, respectively, of the total area. 


DISCUSSION 


Identity of Inhibitor—Various properties of the preparations obtained 
here indicate that the egg white inhibitor of influenza virus hemagglu- 
tination is a carbohydrate-containing protein of high molecular weight. 
While the data are not yet sufficient to allow identification with a recog- 


- nized egg white component, the number of possibilities has been reduced 


considerably. 

Since the inhibitor can be purified at least 62 times on a nitrogen basis, 
it is evident, on simple assumptions, that the inhibitory activity cannot 
de associated with any component which contributes more than about 
|.6 per cent of the total egg white nitrogen. Ovalbumin, conalbumin, 
and ovomucoid (ovomucoid-a (21)) are ruled out by this criterion (22); 
purified ovomucoid (15) was found inactive by direct test. The fast 


_ moving component F, recently described (23), and components G2 and 
» G3 (22) have not yet been isolated for direct study. Crystalline lysozyme 


| 


(24), identified with G/ (25), had essentially no inhibitory capacity. 
Avidin (26, 27) has a sedimentation constant of 4.7 S (27) in contrast 
with 31 to 37 S for the inhibitor. Semipurified inhibitor at pH 7.2 and 8.6 
shows a slow moving electrophoretic component in the globulin-ovo- 
mucoid area and a fast moving component with mobility similar to that 


| 
po 
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of the F component. Further experiments to clarify the relation of jp. 
hibitor to these components are under way. 


From another point of view the behavior of the inhibitor during frac. | 


tionation and the properties of purified inhibitor suggest a possible idep. 
tity with ovomucin (ovomucoid-8 (21)). While such an identification 
would accord with the properties of virus inhibitors from other sources 
(2, 4, 17, 28), it must be noted that ovomucin is stated to be completely 


| 


insoluble after precipitation (21). In contrast, solutions of purified jp. — 


hibitor were obtained with activities one-third to one-half that of egg 
white on a volume basis (Tables I and ITI). 

Correlation of Physical Data—Studies of semipurified inhibitor with the 
ultracentrifuge reveal (Text-fig. 1) a single, slightly diffuse boundary and 
a sedimentation behavior similar to that of spheres with hydrated density 
of 1.25 and mean diameter of about 15 mz. Electron micrographs show 
spheroidal particles of such size occurring predominantly in groups of 
indefinite configuration or in threads (Fig. 2). There is little doubt, at 
present, that the particles observed with the microscope are related to 
the sedimentable component. Furthermore, studies with the quantity 
ultracentrifuge (e.g., Table II) indicate that the sedimentable component 
carries a great part, if not all, of the inhibitory activity; 70 to 80 per cent 
of the activity is sedimented in 60 to 90 minutes at 67,000 X g. 

The hypothesis of spheres is inconsistent, however, with evidence from 
viscosity studies, which indicates that the inhibitory activity is associated 
with highly asymmetric particles. The specific viscosity of Preparation 
A178-PIII-EI (Table I, purification factor 41) was linear with concentra- 
tion from 0 to 150 y of N per ml. and had the value 0.255 at 100 ¥ of N 
per ml. (18). Since, as a first approximation, this specific viscosity can 
be attributed entirely to the inhibitor, a preparation with purification 
factor 62 would have a specific viscosity of 0.255 at only 66 y of N per ml. 
(cf. (18)). Assuming that the inhibitor particles are rigid prolate ellip- 
soids with hydrated density of 1.25, one may calculate a minimal vis- 
cosity increment (29) of about 500, an axial ratio of about 90 (30), ands 
frictional coefficient (f/fo) of about 3.9 (31); these values are not greatly 
dependent on the assumed magnitude of hydration. Taken with the 
sedimentation constant 31 S, the frictional coefficient 3.9 yields a minimal 


molecular weight® of about 7.6 X 10° (31), corresponding to rod-like par 
ticles with dimensions about 5 mu wide by 450 my long. Particles of such — 


* Minimal because the particles are probably oriented during the measurement 
of viscosity. 

* The molecular weight is minimal, since the sedimentation constant has not beet 
corrected for the viscosity due to the solute. Furthermore, the minimal viscosity 


| 

| 
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dimensions would be discernible, but they do not appear in the available 
electron micrographs. 

The discrepancy between the micrograph data and the predictions from 
the viscosity-sedimentation data may be accounted for by several sup- 
positions: (a) the micrograph images may be artifacts, their shape bearing 
little relation to the shape of particles suspended in buffer; and (l) the 
inhibitory activity may be associated with flexible rods or branched chains, 
rather than with rigid rods. ‘The experimental data are inadequate at 
this time for further speculation on the structure of the particles. 

Quantitative Relation between Inhibitor and Virus—With the most active 
preparations of semipurified inhibitor, 0.004 y of N is sufficient to inhibit 
the hemagglutinating activity of 1 hemagglutinating dose of heated in- 
fluenza virus of swine, corresponding to about 0.04 y of N of the purified 
virus preparation. One particle of virus, assumed spherical, with a radius 
of 58 mu, density 1.100, partial specific volume 0.850 (32), and nitrogen 
content of 9.0 per cent of the dry weight (33), contains about 4.9 & 10-" 
gm. of N. The amount of inhibitor N needed to neutralize one virus 
particle is thus about 4.9 X 107% gm. One particle of inhibitor, with a 
molecular weight of 7.6 * 10° (see above) and nitrogen content of 12.5 
per cent, contains about 1.6 X 107 gm. of N. Accordingly, one may 
calculate that approximately three particles of inhibitor are sufficient to 
neutralize one particle of virus. For this calculation it is assumed that 
the inhibitor and virus preparations consist entirely of the active in- 
gredients. If the viscosity data are neglected and the inhibitor particles 
are assumed to be spheres with a hydrated density of 1.25, the molecular 
weight becomes about 1 X 10°, and approximately twenty-three par- 
ticles of inhibitor are needed. 


SUMMARY 


By means of chemical or ultracentrifugal fractionation, the egg white 
inhibitor of swine influenza virus hemagglutination has been obtained in 
solutions up to 60 times as active as crude egg white. The inhibitory 
activity was associated with a highly viscous, heat stable, non-dialyzable 
component with the properties of a protein-carbohydrate complex. Analy- 
sis showed N 12.5, S 2.4, and carbohydrate, calculated as glucose, 10.3 
per cent; no phosphorus was found. An ultraviolet absorption maximum 
occurred at 2780 A. Electrophoretic analysis showed two components, 
one corresponding to the F component and the other to a member of the 
globulin-ovomucoid group. 


a gives a minimal frictional coefficient and, again, a minimal molecular 
weight. 
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The active component sedimented to the extent of 70 to 80 per cent in 
90 minutes at 67,000 X g, and Lamm scale analysis showed a single, 
slightly diffuse boundary with a sedimentation constant of 31 to 37 §, 
Electron micrographs revealed spheroidal particles 10 to 20 mu in diame. 
ter, arranged in clusters of indefinite configuration or in threads. The 
mean diameter derived from the sedimentation constant on the assump. 
tion of spherical particles of hydrated density 1.25 was about 15 my. In 
contrast, classical treatment of the sedimentation and viscosity data to- 
gether indicated a particle molecular weight of 7.6 X 10° for a rigid prolate 
ellipsoid with an axial ratio of 1:90. No evidence of such particles was 
seen in the electron micrographs. 
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EXPLANATION OF PLATE 4 


Fie. 1. Electron micrograph of a preparation (UC-PI, Table II) of egg white 
inhibitor with a purification factor of 22 (see the text). The preparation, contain- 
ing 202 y of N per ml. in 0.06 m phosphate buffer at pH 7.2, was diluted 1:10 with 
water. Magnification, 60,000 xX. 

Fia. 2. Electron micrograph of a preparation (A178-PIII-EI, Table I) of egg 
white inhibitor with a purification factor of 41. The preparation, containing 148 
y of N per ml. in 0.06 s phosphate buffer at pH 7.2, was diluted 1:100 with water. 


Magnification, 60,000 X. 
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STUDIES OF ARTERIOVENOUS DIFFERENCES IN BLOOD . 
SUGAR* 


IV. EFFECT OF INTRAVENOUS INSULIN AND SIMULTANEOUS 
GLUCOSE FEEDING 


By MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 


(Received for publication, March 1, 1949) 


This is a report dealing with the effects of insulin upon the rate of 
peripheral glucose assimilation during alimentary hyperglycemia. Avail- 
able information on the subject is rather scanty. Cori and Cori (1) 
showed that in rabbits the arteriovenous differences were nearly 50 per 
cent greater after glucose feeding and simultaneous insulin injection than 
after glucose feeding alone. Cori, Pucher, and Bowen (2) observed a 
similar response in six out of seven diabetic patients. The limited scope 
and nature of the information concerning this subject, which can be 
culled from the literature up to 1946, is fairly reflected by a brief résumé 
by Peters and Van Slyke (3), in which it is stated that “insulin has rela- 
tively little effect on alimentary hyperglycemia of norma! subjects... 
It does tend to curtail the hyperglycemia and to exaggerate the terminal 
hypoglycemic reaction.” 

We hoped to obtain more detailed facts by means of the procedure 
and analytical technique which we employed in our previous studies of 
arteriovenous (A-V) differences (4). Healthy young men served as the 
subjects in these experiments, each undergoing two tests. First they 
were fed 50 to 100 gm. of glucose; in the second test from 3 to 5 units of 
insulin were injected intravenously simultaneously with the feeding of 
the same amount of glucose as in the first test. Changes in the arterial 
(capillary) and venous blood sugar levels were then observed at certain 
intervals in the course of 2 to 4 hours. It may be noted that we adhered 
to the practice of using rather small insulin doses. This was necessary 
in order to avoid, as far as possible, hypoglycemic states, the explicit 
purpose of our studies being the observation of insulin action during 
hyperglycemia. It will be seen from our results that we were not always 
successful in preventing hypoglycemia, even when the insulin dose was 
as small as 3 units. 

The results of four of these experiments are presented in Table I. As 
may be seen, insulin caused marked depression of both the arterial and 
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venous blood sugar levels. 


INSULIN ACTION 


DURING HYPERGLYCEMIA 


As a matter of fact, in two subjects (Nos. | 


and 2) the venous blood became hypoglycemic half an hour after the 


Time after 
glucose feedi 


I 
Showing Response of Healthy Men to Insulin Injected Simultaneously with Oral 


Glucose per 100 cc. 


_— | Venous blood | 


100 gm. glucose by mouth 


A-V 
diflerence 


Administration of Glucose 


Glucose per 100 cc. 


Subject 2 


50 gm. glucose by mouth 


me. 
86.9 

144.2 

149.6 
67.0 


A-V 


| Venous blood difference 


5 units insulin intravenously, 100 gm. 
g! th 


ject 
50 gm. glucose by mouth 


| 
| 


3.6 
24.5 
52.1 

8.4 


4 units insulin intravenously, 530 gm. 


83.7 
117.2 
114.8 

70.2 


glucose by mouth 


3 units insulin intravenously, and $0 gm. 


glucose by mouth 


86.4 
75.6 
132.6 
96.1 


Subject 5 
100 gm. glucose by mouth 


5 units insulin intravenously, 100 gm. 
glucose by mouth 


95.9 
71.6 
74.8 
100.4 
97.4 


; 


* Arteria! glycemic levels were determined in capillary (finger) blood. 


administration of glucose and insulin, while the arterial blood sugar, 
although substantially lower than in the tests without insulin, had riseo 


| 
| 
| mr. me. mg. per cent | mf. mg. per ceni 
0 | 88.6 6.4 {| 2.2 0.5 | | 
0.5 162.8 | 133.7 | 2.1 161.4 | 
163.4 132.3 | 81.1 158.8 | 
2 114.5 83.6 | 25.9 71.8 4.8 | 
3 63.7 62.1 | 1.4 
4 | 
0.5 | 10.20 | 58.1 | 82.1 6.1 
2 | mse | 8.1 | 14.6 
0 | 9.2 | 86.6 | 
05 | 203.3 | 178.8 | 165.8 142.1 23.7 
1 169.6 | 117.5 | 135.1 123.7 11.4 
2 | 62.7 54.3 | 141.2 115.3 25.9 
3 | ae 110.5 17.2 
0 | me 97.6 | 
0.5 | | 88.6 28.6 73.3 | 6.7 
l | 27.0 94.5 | 19.7 
2 | §7.0 13.2 113.4 | 13.0 
3 | | 120.7 23.3 
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above the postabsorptive level. Insulin action was strongest in Subject 
5, as shown by the hypoglycemic states in both arterial and venous blood 
throughout an hour after the simultaneous administration of 100 gm. of 
glucose and 5 units of insulin. From the great depression of alimentary 
hyperglycemia it is obvious that the rate of over-all assimilation was 
considerably enhanced by as little as 3 units of insulin. Himsworth, 
in his brilliant studies dealing with the effect of dietary factors on insulin 
action (5), obtained similar results with the oral administration of 50 gm. 
of glucose and simultaneous intravenous injection of from 2.5 to 5 units of 
insulin. 

In regard to the peripheral action of insulin, the central object of these 
studies, the picture presented by our data was not so clear and simple. 
In some subjects, at some intervals after injection, the A-V difference 
showed that insulin enhanced the assimilation rate. In other subjects, 
however, glucose feeding alone increased the A-V differences to nearly the 
same extent as did glucose feeding with simultaneous insulin injection, 
as if insulin had not at all influenced peripheral assimilation. Finally, 
in some instances smaller A-V differences appeared with than without 
insulin, conveying the impression that insulin may have inhibited periph- 
eral glucose assimilation. All three of these variations appeared even 
in a single subject at various time intervals after the injection of insulin. 

This is a very confusing picture, indeed, but only until one applies to 
its interpretation two facts which we presented in previous papers. One 
of these facts is the close relationship that obtains between the extent 
of hyperglycemias and the magnitude of A-V differences; we have shown 
that in any healthy person increasing hyperglycemic levels entail increas- 
ing A-V differences (4). The second pertinent fact concerns the influence 
of hypoglycemia on A-V differences; we have found that hypoglycemia 
activates an insulin-antagonistic mechanism, with the consequence that 
peripheral insulin action is counteracted during hypoglycemic states, and 
this is reflected in a shrinkage of A-V differences (6, 7). Erroneous con- 
clusions can be avoided only if our results are analyzed in the light of 
these two facts. | 

In Subject 1 (Table I), for instance, the A-V difference increased to 
52.1 mg. per cent in the course of 4 hour after insulin injection, whereas 
with glucose feeding alone it had gone up to only 29.1 mg. per cent. This 
difference between the two responses, attesting to a marked action of 
insulin, is further accentuated by the fact that the greater increase oc- 
curred in spite of a lower hyperglycemic level. At the end of the second 
half hour period the A-V difference has appreciably decreased in the test 
with insulin. This, however, is the invariable sequel to the emergence 
of hypoglycemia in the venous blood, a sharp dip to 58.1 mg. per cent, 
which activated the insulin-antagonistic mechanism, which in turn frus- 
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trated peripheral insulin action. This defense reaction against hypo- 
glycemia prevailed only until the hypoglycemic effect of insulin had been 
successfully combated and the excitation of the insulin antagonists had 
subsided. This was attained at the end of the 2nd hour, when the blood 
sugar again rose above the fasting level; at this point the A-V difference 
showed again a substantial increase. 

In a previous paper (7) we stated that it is arterial hypoglycemia that 
activates the insulin antagonists, while venous hypoglycemia fails to 
exert such an effect so long as the arterial blood sugar stays above its 
postabsorptive level. In those experiments, however, which led to this 
conclusion, the venous hypoglycemias were of rather slight degrees, 
whereas in the present experiment (Subject 1) the venous blood sugar 
decreased sharply by 22.9 mg. per cent within } hour. Venous hypo- 
glycemias of such substantial degrees apparently do stimulate the insulin- 
antagonistic mechanism, even while the arterial blood sugar maintains 
moderate hyperglycemic levels. 

That venous hypoglycemia of a minor degree exerts far less of this 
effect is shown by the response of Subject 2, who received only 3 units 
of insulin. As may be seen in Table I, this subject also developed venous 
hypoglycemia 4 hour after insulin injection, but the dip was only 108 
mg. per cent below the fasting level and apparently caused less shrinkage 
in the A-V difference than did the more intensive hypoglycemia in Sub- 
ject 1. It may be noted that the A-V difference at the half hour period 
in Subject 2 was much the same with and without insulin. If, however, 
one takes into consideration that in the test with glucose feeding alone a 
hyperglycemic level of 164.4 mg. per cent was necessary to produce a 
20.2 mg. per cent A-V difference, it is evident that in the second test it 
was the action of the injected 3 units of insulin that produced an A-V 
difference of the same magnitude, 7.e. 20.5 mg. per cent, practically without 
any of the synergistic effect of hyperglycemia. It may be said, then, 
that the 3 units of insulin alone effected the increase in the rate of periph- 
eral assimilation, since our past experiments indicate that the slight 
rise of merely 5.6 mg. per cent in the arterial blood sugar that took place 
in Subject 2 does not measurably affect the A-V difference (4). This ex- 
periment shows emphatically the powerful stimulus upon the rate of 
peripheral glucose assimilation which can be exerted by as little as 3 
units of insulin. 


— 


Subject 5 deserves especial attention because of his greater sensitivity | 


to insulin (see Table I). In response to 5 units, injected simultaneously 
with the oral administration of 100 gm. of glucose, he promptly developed 
hypoglycemia not alone in the venous, but also in the arterial, blood, and 
the hypoglycemic state persisted through the entire Ist hour. This means 
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that insulin action was so potent that the rate of intestinal absorption of 
glucose was unable to cope with the rate of assimilation. The resulting 
hypoglycemia then activated the insulin-antagonistic mechanism. This 
reaction, as we know, is especially responsive to arterial hypoglycemia 
(7). As a consequence, the A-V difference increased to only 6.7 mg. 
per cent at the half hour period, a response resembling that observed after 
the injection of a similar dose of insulin in the postabsorptive state 
(6). Small as this increase in the A-V difference is, it still testifies to the 
fact that insulin action outstripped the antagonistic factors at the half 
hour period, but the balance was only slightly positive in favor of the 
insulin. During the second half hour interval, however (i.e., between 
30 and 60 minutes after injection), when the arterial blood sugar had 
nearly reverted to the postabsorptive level, the excitation of the insulin- 
antagonistic mechanism began to subside and insulin action gained gradual 
ascendency over it. As a result, the A-V difference increased at the 
end of this period to the substantial value of 19.7 mg. per cent, despite 
the continuing absence of arterial hyperglycemia, and despite the per- 
sistence of venous hypoglycemia. Insulin action here was quite powerful, 
more so than that indicated by the A-V difference, since the latter reflects 
the action of only that fraction of the 5 units which was not counteracted 
by the antagonistic factors. 

The response of Subject 4 (Table I) differed from that of the preceding 
three in that he developed no hypoglycemia after glucose feeding and 
the simultaneous injection of insulin. Nor did hyperglycemia reach any 
substantial degree. In fact, the action of 4 units was potent enough to 
prevent the venous blood sugar from rising higher than 88.6 mg. per cent 
at any time during the absorption of 50 gm. of glucose. This is in sharp 
contrast of 178.8 mg. per cent of venous hyperglycemia that developed after 
glucose feeding alone. Irrespective of the pronounced insulin action in 
the body as a whole, however, a distinctly lower peripheral assimilation 
rate is apparent in Subject 4 with than without insulin, as if insulin had 
acted as an inhibitor. Unlike the other three cases, no hypoglycemia 
had occurred in Subject 4; so that the lower A-V differences in the second 
test are entirely due to the fact that the blood sugar stayed at relatively 
low levels after insulin injection. As may be noted in Table I, the maxi- 
mal arterial hyperglycemia after the ingestion of 50 gm. of glucose in 
this instance was 203.3 mg. per cent, whereas when 4 units of insulin were 
injected simultaneously with glucose feeding the maximum was only 
117.2 mg. per cent. This great discrepancy was the factor which so 
effectively masked the action of insulin on peripheral assimilation, a 


factor which requires correction if valid comparison of the two tests is 
to be made. 
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While it appears impossible to find a way for a quantitative correc. 
tion of the effect of the insulin-antagonistic factors, we can offer a formula 
which permits of correction for differences in the hyperglycemic levels. 
The correction involves the following steps. In the first place, we add up 
the A-V differences that were determined at various intervals during ali- 
mentary hyperglycemia, and designate this sum as the ‘‘peripheral assimi- 
lation index.” This sum, introduced in a previous study (6), furnishes 
an integrated picture of the peripheral assimilation for the entire period 
of the experiment. Likewise we summarize the increment in the arterial 
glycemic level at the corresponding intervals and denote this sum as the 
“hyperglycemic sum.’”’ For comparison of peripheral assimilation rates 
obtained in two experiments, the ratios, assimilation index to hyperglyce- 
mic sum, are brought to a common denominator. This correlation of the 
data yields the “relative assimilation index,’”’ which permits comparison 
of two assimilation indices with the elimination of the influence of the | 
difference in the hyperglycemic levels. This calculation is based on the 
premise that, in any single healthy person, the increase in A-V differences 
during alimentary hyperglycemia is roughly proportional to the increase 
in the arterial glycemic level. Hence, if any added factor, as for instance, 
injected insulin, changes this relationship, the change can be ascribed to 
the action of this added factor. It is inherent in the nature of physiologic 
processes that our premise is of limited validity, but calculations on s 
number of examples convinced us that the relative assimilation index is 
a useful tool for the evaluation of changes in A-V differences whenever 
the influence of the hyperglycemic factor is to be discounted in order to 
permit accounting for the effect of another factor. 

An example given in Table II may help to elucidate the meaning and 
calculation of the relative assimilation index. Two tests are recorded 
here which were performed on a healthy person. Although identical 
doses (50 gm.) of glucose were administered in both tests, considerably 
higher hyperglycemic levels were produced in the second test by injec- 
ting part of the glucose (15 gm.) intravenously and feeding by mouth 
only the remaining 35 gm., whereas in the first test all of the glucose was 
fed by mouth. It may be seen that, in line with our past observations © 
(4), the higher hyperglycemic levels entailed greater A-V differences. 
This is expressed in the assimilation index, which in the second test was 
75, as against 47 in the first test, a difference of about 70 per cent. Now, 
if, by applying the formula given in the foot-note below Table II, one 
reduces the assimilation index of the second test to the same lower hyper | 
glycemic level that prevailed in the first test, one obtains the relative 
assimilation index for the second test. This figure (Column 7, Table II) 
means that the assimilation index of the second test would be approx: 
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mately 41.6 if the hyperglycemic levels were the same as in the first test. 
Comparison of this relative assimilation index with the actual assimilation 
index of the first test (which was 47.2), shows a close agreement between 
the two. (A similar agreement is, of course, in evidence when one calcu- 
lates the assimilation index of the first test for the hyperglycemic levels 
of the second test; this figure, 85.2, is fairly close to 75.0, the actual as- 
similation index of the second test.) 

This is the approach we used for the evaluation of insulin action on the 


TaBLe II 


Method of Calculation of Assimilation Indez and Relative Assimilation Indez 

Time after Arterial | -V . Assimil Relative as- 


50 gm. glucose by mouth 


bes. meg. per cont | mg. per cent | mg. per cent | | | 

0 (88.6) 0 (6.0) | | 

0.5 94.4 5.8 | 19.4 

i 121.5 | 32.9 62 | 

2 102.6 | 14.0 | 1.6 62.7 | 47.8 | (85.2) 


15 gm. glucose intravenously, 35 gm. by mouth 


0 (89.1) | 0 (6.5) | | 

0.5 | 161.7 | 72.6 | 43.2 | 

1 108.3 | 19.2 | 21.9 

2 2.6 | 3.5 | 9.9 63 | 7.0 | ae 


* Sum of quantities in Column 3. 
t Sum of quantities in Column 4. 


62.7 95.3 
$ 75.0 X 63. 41.6, or 47.2 X 52.7 85.2. 


rate of peripheral assimilation during alimentary hyperglycemia. For 
each subject we calculated the relative assimilation index for the first 
test; t.e., we calculated what the assimilation index would be after glucose 
feeding alone if the hyperglycemic levels had not risen higher than in the 
tests in which insulin was injected simultaneously with glucose feeding. 
The data used in the calculations, and the results, recorded in Table III, 
illustrate how misleading it would be to evaluate insulin action on the 
basis of A-V differences without being aware of their relationship to the 
glycemic levels. From the magnitude of the actual assimilation index 
(sum of A-V differences), one would conclude that in only two of our five 
subjects (Nos. 1 and 2) did an increase in the rate of peripheral assimila- 
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tion occur as a result of insulin injection, and even that increase was j 
nificant. In one subject (No. 3) there was no change, while in two others 
(Nos. 4 and 5) insulin seemingly depressed peripheral assimilation. Byt 
the picture changes if we consider the relative assimilation index, the value 
of which is given in the last column of Table III. Comparison of the two 
tests on this basis shows in every instance a definite enhancement of the 
peripheral glucose assimilation by injected insulin. When this effect was 
seemingly absent, it was partly due to the depression of the alimentary 
hyperglycemia in the tests with insulin injection, and partly to the handi- 
cap under which insulin labored when hypoglycemic states led to the 
mobilization of insulin-antagonistic factors. 


Taste III 
Showing That, Relative to Hyperglycemic Levels, Peripheral Glucose Assimilation Is 
Enhanced by Insulin Injected Simultaneously with Glucose Feeding 


| Rise of t arterial blood sugar above eval level, 
~| Hyper- | Assimi- 
No, | insulin dose 0.5 br. 1 br. 2 hrs. — lation | ‘istics 
1 None 29.1 | 74.8 31.1| 25.9 25.9) 174.9| 86.1] 446 
5 52.1 | 41.0 16.9| 27.0 25.7| 90.4| 94.7 
2 None | 73.9 20.2 = 9.2'-18.7, 4.8| 142.2| 34.2] 176 
3 5.6 20.5) 50.2 8.1] 20.2 14.6! 76.0! 43.2 
3 None v2.9 31.4 | 105.3 49.2 | 24.6 20.1 | 222.4| 99.7] 
5 97.0 45.1 | 49.5 26.7| 41.7, 27.3 | 188.2| 99.1 
4 None 113.1 24.5| 79.4 62.1| 0.4 8.4/ 192.9| 85.0| 98.5 
4 83.5 28.6 31.1 27.0 |-13.5 13.2| 64.4) 68.8 
5 None | 69.7) 23.7! 39.0 11.4| 45.1' 25.9/ 153.8! 61.0! 6.3 
5 ~19.3 6.7 | —3.1| 19.7 15.8 13.0 | 15.8| 39.4 
SUMMARY 


Alimentary hyperglycemia of healthy persons is effectively suppressed 
by insulin when injected intravenously and simultaneously with oral 
glucose feeding. Doses as small as from 3 to 5 units may cause hypogly- 


cemic states in subjects who, without injected insulin, develop substantial _ 


degrees of hyperglycemia after ingestion of the same amount of glucose. 
This fact indicates that the physiological insulin requirement of healthy 
persons is very small. 

Insulin effect on the rate of peripheral assimilation during alimentary 
hyperglycemia cannot be judged on the basis of A-V differences (and the 
assimilation index), without taking into account two factors: (1) the 
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insulin-antagonistic sequel of hypoglycemia, and (2) the functional re- 
lationship between hyperglycemic levels and A-V differences. The first 
of these two factors is not amenable to measurement. An approxi- 
mately quantitative correction for the influence of the hyperglycemic 
factor, however, is feasible. If such a corrected quantity, designated as 
the “relative assimilation index,” is used for evaluation of A-V differences, 
it was found that insulin invariably enhances the rate of peripheral glucose 
assimilation when injected intravenously simultaneously with glucose 
feeding. 
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THE REACTION OF CATALASE AND CYANIDE* 
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(From the Biochemical Department of the Medical Nobel Institute, Stockholm, Sweden, 
and the Johnson Research Foundation, University of Pennsylvania, Philadelphia) 


(Received for publication, October 20, 1948) 


Previous work has suggested that the inhibition of catalase activity 
by cyanide is of the non-competitive type. This is remarkable, because 
both cyanide and peroxide are considered to combine with the iron atom 
of a hemoprotein. In this paper, the mechanism of the cyanide inhibition 
of catalase is studied in detail. First, kinetic and equilibrium measure- 
ments show that the reaction of catalase and cyanide is in accordance with 
the law of mass action and that the three or four catalase hematins act 
independently. Second, an improved method for the determination of 
catalase activity (1) has been used to measure the inhibition of catalase 
activity by cyanide. The dissociation constants of catalase cyanide calcu- 
lated from the data obtained in these two cases are in agreement and 
verify non-competitive inhibition. This result is explained by the assump- 
tion that only a portion of the three or four catalase hematins is bound to 
peroxide during the destruction of hydrogen peroxide. This assumption 
is strongly supported by the recent finding of tue intermediate compound 
of catalase and hydrogen peroxide, which probably has only one hematin 
bound to hydrogen peroxide (2). 

The non-competitive inhibition of catalase activity by cyanide is in 
striking contrast to the analogous studies of the cyanide inhibition of 
peroxidase activity in which classical competitive inhibition was demon- 
strated in detail (3). Peroxidase, however, has only one hematin group 
and does not catalyze the decomposition of hydrogen peroxide into water 
and oxygen. 

The reaction kinetics of the formation and dissociation of catalase 
cyanide have been studied spectrophotometrically by the rapid flow 
technique. The dissociation constant of catalase cyanide calculated from 
these kinetic data is in agreement with that obtained from titration and 
activity data. The velocity of combination of catalase and cyanide is 
not affected by the presence of hydrogen peroxide (4). 


* This is Paper 1 of a series on catalases and peroxidases. 
t John Simon Guggenheim Memorial Fellow (1946-48). Present address, Johnson 
Research Foundation, University of Pennsylvania, Philadelphia. 


| 


1300 REACTION OF CATALASE AND CYANIDE 


The small effect of varying pH upon the dissociation constant of catalase 
cyanide indicates that the reaction studied under these conditions is 


Cat(OH), + 4HCN + 41,0 0) 
in which the hydroxyl group found by Agner and Theorell (5) is replaced 
by the cyanide ion. Since it is found here that the four hematin groups 
of blood catalase act independently, the reaction is written, 


FeOH + HCN + H,0 
For these purposes the concentration of water is omitted and the apparent 
dissociation constant is conveniently evaluated on a hematin iron basis as 
follows: 


[HCN]iFeOH] 


Kr = 


The dimensions of K, are moles per liter. 

Preparations—The catalase preparations were purified by Dr. R. K. 
Bonnichsen, to whom many thanks are due. Their optical densities were 
measured spectrophotometrically in the Beckman spectrophotometer, and 
their concentrations are calculated from the extinction coefficients, &, 
= 340 cm.-' X ma» for the horse liver catalases, and €g5 = 380 cm~ 
< mm for the horse blood catalases (1). The cyanide solutions wer 
freshly made up before the experiments, but were found to be reasonably 
stable for a few days as determined from titrations by Liebig’s method. 

Soret Band of Catalase Cyanide—The Soret band of catalase cyanide 
can be measured in the Beckman spectrophotometer (6, 7) and has a peak 
at 425 mp where « = 319 cm.’ X mat for erythrocyte catalase and 274 
cm.~' X ma for a three-hematin liver catalase. Catalase and catalas 
cyanide are isosbestic (have the same extinction coefficient) at 417 mz. 
Catalase and catalase hydrogen peroxide are isosbestic at 435 my (2), 
and, because some measurements are made in the presence of hydrogen 
peroxide, this wave-length is used for kinetic studies. 

Velocity Constant for Combination of Catalase and Cyanide—The reac: 
tions represented by Equation 1 are fairly fast but can be measured by the 
rapid flow apparatus (8). Since later data show that k, of Equation 1% 
about 3 sec.~', ks can only be measured without correction for ke by using 
a large excess of cyanide, and this precaution has been observed, as shown 
by the data of Table I. Thus ks is found to be 9 X 10° m™ X sec. 
In the presence of hydrogen peroxide, ks is found to be 8 X 10 mw X 


sec. 
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Velocity Constant for Dissociation of Catalase Cyanide—The reaction of 
silver ion with cyanide 


Ag* + 2CN~ Ag(CN)s (4) 


has been utilized to reduce the cyanide concentration rapidly and hence to 
cause the dissociation of catalase cyanide. A buffered catalase solution is 
saturated with cyanide and then is mixed with less than an equivalent of 
unbuffered silver nitrate solution in the rapid flow apparatus. The de- 
crease in the concentration of catalase cyanide is followed spectrophoto- 
metrically at 425 my. Table II shows that the velocity constant, 3.2 


TaBLe 
Velocity Constant for Formation of Catalase Cyanide in Presence or Absence of 
Hydrogen Peroxide 
1.1 um of Fe horse liver catalase, 0.01 m phosphate buffer, pH 6.5; \ = 435 my 
(Experiments 82a and 82b). 


Initial cyanide concentration, pa 50 200 20 50 200 
“hydrogen peroxide concentra- 0 0 10 10 10 
tion, uM 

Reaction velocity constant, ks, m™' X 9.0 9.0 9.0 8.0 7.5 
sec.’ X 10°" | 

TaB_e II 


Velocity Constant for Dissociation of Catalase Cyanide 
0.54 um of catalase and 10 um of cyanide; A = 425 my (Experiment 317). 


0.01 mphosphate, pH 7.0 acetate, pH 4.6 


Silver ion concentration, uw......... 5 10 | | 


10 20 


4 
| 3.6 3.3 2.8 | 2.8 2.6 3.3 


sec.—', is very nearly independent of the silver ion concentration. Thus 
the limiting step in the reaction is the dissociation of catalase cyanide and 
the average values of the velocity constant, ke, are 3.2 sec.-' at pH 7.0 
and 2.9 sec.-' at pH 4.6. This very large increase of hydrogen ion con- 
centration has a nearly negligible effect upon ks, and the formation of 
water according to Equation 2 is thereby substantiated. 

The dissociation constant of catalase cyanide is ke/ks = 3.2/(9 X 105) 
= 3.6 X 10~ M, in fair agreement with the values obtained from spectro- 
photometric and activity data in the following experiments. 

Dissociation Constant of Catalase Cyanide—The changes of optical 
density at 425 mu upon the addition of measured amounts of cyanide to 
catalase have been measured in the Beckman spectrophotometer. The 
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relation between the experimental values of free catalase (FeOH), catalase 
cyanide (FeCN), and hydrocyanic acid (HCN) is shown by the 45° straight 
line of Fig. 1 to be in accordance with the logarithmic form of Equation 3. | 


lo + log [HCN] = log K, (5) | 
The dissociation constant (K,) is 4 X 10-* Mm with one cyanide bound to 
each hematin group. These experiments have been carried out over as 
wide a range of values of FeOH/FeCN as the accuracy of the spectropho- 
tometer permits in order to obtain any evidence of interaction between 
the four catalase hematins. Over the range from about 7 to 98 per cent 
saturation of catalase with cyanide there is no change of the dissociation 
constant of catalase cyanide in excess of the experimental error, and thus 
there is no detectable heme-heme interaction. 


Taste III 
Effect of Change from pH 7.0 to 4.6 upon Dissociation Constant of Catalase Cyanide 
A = 425 my (Experiment 285). 


Corrected optical density of catalase cyanide 
| Cyanide added 
0 3.3m 6.7 10 wm 20 
pH 7.0, 0.01 m phosphate............. 0.087 | 0.111 | 0.130 | 0.138 | 0.14 
4.6, 0.001 _ 0.082 | 0.112 | 0.131 0.137 | 0.14 


In accordance with tests which showed that the dissociation constant o 
peroxidase cyanide is independent of pH from 4.2 to 6.2 (3), Table Il 
shows that the dissociation constant of catalase cyanide is also independ: ; 
ent of pH in the region 4.6 to 7.0. In this experiment, cyanide was added 
to two catalase solutions of nearly identica) concentration at pH 4.6 and 
7.0. At pH 4.6, sufficiently dilute phosphoric acid was used to avoid 
forming the catalase-phosphate complex (5). In a similar experiment, 
K, is found to be about 3 times greater at pH 9.3 than at pH 7.0. | 
bh The competition between formate and cyanide for catalase hematin i | 
clearly shown by the data of Table IV. At pH 4.0, formate has a high 
affinity for catalase (K = 10-* m (5)) and decreases the amount of catalase 
cyanide. This competition shows that cyanide and formate attach to 
the same place on catalase hematin. At pH 7.0, the affinity of formate 
for catalase is much less (K = 7 X 10-* m (5)) and the concentrations d ) 
formate employed cause no effect upon catalase cyanide. | 

Effect of Cyanide upon Destruction of Hydrogen. Peroxide by Catalase— 
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A modified technique for measuring catalase activity with a minimum of 
inactivation has been used to redetermine the dissociation constant of 
catalase cyanide from activity data. 

The extinction coefficient of hydrogen peroxide at 215 may is sufficiently 


 Jarge to permit the measurement of the disappearance of a few mm with 


good accuracy in the Beckman spectrophotometer. Dilute peroxide (~ 1 
ma) gives a few very small bubbles of oxygen at the end of the reaction, 
which cause no significant error. The optical density of the dilute cata- 
lase solution employed in the activity test (~1 X 10~-* m) is so small that 
it is negligible. The spectrophotometer is allowed to run for about 15 
minutes or more so that the light intensity and the “dark current” (ampli- 
fier plate current) are not drifting rapidly and do not require adjustment 
during the kinetic test. 
TaBie IV 
Competition between Cyanide and Formate for Catalase Hematin 

0.86 um of horse blood catalase and 130 um of cyanide; A = 425 my (Experiment 

$21). 


Corrected optical density 
Formate added 
uu 65 195 wm $10 wm 1720 
pH 7.0,0.01 m phosphate. .......... 0.257 | 0.258 | 0.259 | 0.260 | 0.258 
* 4.0, 0.005 “* acetate................ 0.267 | 0.258 | 0.228 | 0.202 | 0.190 


In inhibition studies, the catalase and cyanide are added to the cuvette, 
and the spectrophotometer is adjusted. The peroxide is delivered onto a 
stirring rod and is rapidly stirred into the cuvette, and the stop-watch is 
started. Readings of the optical density of the hydrogen peroxide solu- 
tion are taken every 10 or 15 seconds for the Ist minute. It is desirable to 
“track” the density change continuously and to read off the density values 
at the appropriate intervals. The final value of density is measured and 
subtracted from each reading of optical density. ‘The reaction velocity 
constant is calculated from the formula 


23 


where k; is the velocity constant for the destruction of hydrogen peroxide 
by catalase, ¢ is the catalase concentration in moles per liter, 2x, is the opti- 
cal density at ¢,;, and 2, is the optical density at fz. This form of the equa- 
tion is used because the value of optical density at = 0 cannot be obtained 
when the hydrogen peroxide is added last. 
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This method has much to recommend it, since it is much more conve. 
nient and just about as accurate as the titrimetric method described pre. 
viously (1). The value of k, for horse blood catalase at 25° is the same 
according to both methods (3.5 & 10’ m~ & sec.~). 


1.0 2.0 


Ke) 

Log 10°[HCN) 

Fic. 1. The dissociation constant of catalase cyanide, K; = |[FeOH] [HCNI/ 
{[FeCN], determined from spectrophotometric data (@) and inhibition data (A). 
The spectrophotometric data were obtained in the Beckman spectrophotometer 
with a wave-length of 425 my and 0.9 um of horse blood catalase. The inhibition 
data were determined from the kinetics of hydrogen peroxide disappearance meas- 
ured at 215 my in a solution containing 1 mam of hydrogen peroxide and 1 X 10°*u 
horse blood catalase. Ry, the uninhibited rate, = 3.5 X 10’ mw“ sec.-'. Ri is the 
inhibited rate. All experiments were made in 0.01 m phosphate buffer, pH 7.0 at 
25° (Experiment 315). 


The dissociation constant of catalase cyanide is calculated from the 
inhibition data by the formula 


(7) 


which has been used previously in studies of peroxidase inhibition (3). 
Ry is the uninhibited rate (3.5 X 10’ um X sec.~) and R; is the inhibited 


| 
3.0 
| 
OR 2.0 
| 
R|AHCN] | 
K; = | 
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rate. The data are plotted by using the logarithmic form of Equation 7, 
and are represented in Fig. 1. These points agree very well with the 
spectrophotometric data: the dissociation constant of catalase cyanide 
obtained from spectrophotometric data (4 & 10-* m) is very nearly identi- 
cal with the dissociation constant obtained from the inhibition data (4.7 
10-* 


DISCUSSION 


The velocity constant for the combination of catalase and cyanide (9 
x 10° um X sec.~') and the dissociation constant of catalase cyanide (4 
< 10-* m) are similar to the corresponding values for peroxidase cyanide 
(1 X 105m X sec.', 4 X 10-* m (3)), although cyanide combines with 
and dissociates from peroxidase more slowly than from catalase. 

The measured values of the dissociation constant of catalase cyanide 
are not altered over the range from 7 to 98 per cent saturation of catalase 
with cyanide, and therefore there is no detectable heme-heme interaction 
in the binding of cyanide to the three hematins of liver catalase. This is 
in accord with the results of later tests with methyl hydrogen peroxide (9). 

In their “magnetic titrations” of catalase with cyanide, Theorell and 
Agner (10) noted that the curves of magnetic susceptibility versus cyanide 
concentration (cf. (10), Figs. 1 and 2) did not follow a straight line but were 
bent before saturation of catalase with cyanide ion occurs and attributed 
this effect to heme-heme interaction: cyanide ion bound to 1 or 2 of the 3 
hematin iron atoms alters the magnetic susceptibility of the free hematin 
iron atoms. But the curvature they found is caused by the dissociation 
of catalase cyanide. Their data follow the theoretical titration curve 
expected for 600 um of hematin iron catalase and K; = 3 X 10-*m. There- 
fore, their magnetic data support the conclusion that there is no detectable 
heme-heme interaction in catalase cyanide. 

The nature of the reaction of catalase and cyanide as given in Equation 
1 is verified by these experiments. In the equilibria for catalase hydroxide 
and hydrogen cyanide, 

FeOH ——Fet + OH-, K = 10-4 (8)! 
HCN + CN-,K = 10°*7 (9)? 


the product [Fe] [CN-] is nearly constant over the range pH 8.7 to 3.8 
(14 — 10.2); over this pH region [Fe*] is increasing as rapidly as [CN7] is 
decreasing. Both {[Fet], and [CN-] are so small that [FeOH] and [HCN] 
are nearly constant. This has been verified by the experimental data 
which show no increase of K; at pH 4.6 and some increase at pH 9.3 com- 
pared with the values found at pH 7.0. 


1 See Agner and Theorell (5). 
*See Coryell, Stitt, and Pauling (11). 
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This reaction of catalase hydroxide and hydrocyanic acid differs from 
that found by Coryell, Stitt, and Pauling (11) in their studies of feryi. 
hemoglobin cyanide. First, the dissociation constants of the heme 
linked hydroxyl groups differ (10-*" for ferrihemoglobin and 10-": 
for catalase). Second, the effect of the hydroxyl group upon the spectra 
of these hemoproteins is quite different; no shift has yet been detected in 
the catalase spectrum due solely to the formation of catalase hydroxide, 
while the shift from acid to alkaline ferrihemoglobin gives an obvious 
color change. Nevertheless, the data of Agner and Theorell clearly show 
that the hydroxyl group in catalase can be displaced by anions which do 
give a spectrophotometrically detectable effect and which inhibit catalase 
activity. Therefore catalase has a heme-linked hydroxyl group (5). 

Further proof that the hydroxy] group is attached to catalase hematin 
is given by the competition between formate and cyanide at pH 40. 
Thus cyanide and formate appear to attach to the same place on catalase 
hematin, which, in the case of cyanide, is recognized to be at the iron atom 
of catalase (10). Therefore the hydroxyl and formate ions also attach to 
the iron atom. 

The excellent agreement between the determinations of the dissociation 
constant of catalase cyanide from spectrophotometric and from activity 
data, typical of non-competitive inhibition, confirms the relatively crude 
tests of Zeile and Hellstrém (12). This result is a distinct contrast to the 
results obtained in the cyanide inhibition of peroxidase activity (3). 

The non-competitive inhibition of the activity of catalase by cyanide 
has been recognized for some time, and the only suitable explanation that 
could be offered previously in view of the then accepted ‘Michaelis con- 
stant” (~0.025 m) for catalase activity was that peroxide and cyanide 
did not combine at the same place on catalase hematin (13). Thi 
“Michaelis constant” for catalase activity has recently been shown to bk 
an artifact due to catalase inactivation during the kinetic test (1). 

An alternative explanation is that catalase hematins are not all bound 
to hydrogen peroxide during the destruction of hydrogen peroxide. The 
free catalase hematins can then combine with cyanide in a ‘“non-compet+ 
itive’ manner? This explanation is in accord with these experiment 

*The usual concepts of competitive and non-competitive inhibition have bees 
evolved from considerations of the simple Michaelis theory. However, it has bees 
suggested that the mechanism by which catalase decomposes hydrogen peroxide inte 
oxygen and water involves consecutive reactions of hydrogen peroxide with catalas 
and with the catalase-hydrogen peroxide complex (14). In such a reaction, th 
steady state concentration of the catalase-hydrogen peroxide complex may 2% 
reach‘a value corresponding to all hematin groups bound to peroxide and may & 


quite independent of the hydrogen peroxide concentration. For this reason, th 
inhibition catalase activity by cyanide will be independent of peroxide concent 
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and with the properties of the intermediate compound of catalase and hy- 
drogen peroxide which has recently been discovered (2). Both titration 
and spectrophotometric data (2) suggest that not all catalase hematinsare 
bound to peroxide in this complex. Inhibition of catalase activity may be 


TaBLeE V 


Summary of Determinations of Dissociation Constant of Catalase Cyanide on Basis of 
Activity Data 


Rapid 
metric 
Temperature, 0 0 0 0 18 0 25 
Initial hydro- 4 1.8-9.0 5 10 4.5 5.0 1.0 
gen peroxide 
concentra- 
tion, mu 
Dissociation 1.0 1.0 0.8 6.3 4.6 3.4 4.7 
constant, 
xX 10 
Reference Wie- (Von Euler |Ziele and Stern (Keilin j|Lemberg (This 
land| and Hell- (16) | and and paper 
(15) | Joseph- strom Har- Foulkes 
son (13) (12) tree (18) 
(17) 


caused by the combination of cyanide with these free catalase hematins 
according to Equation 10. 


HOFe—FeOOH NCFe—Fe0OOH 
| + 3HCN -— z | + 3H,O (10) 
HOFe—FeOH NCFe—FeCN 


These catalase hematins which become blocked by cyanide in this manner 
must have been active in the destruction of hydrogen peroxide; otherwise, 
no inhibition would be caused by the reaction of Equation 10. 

The results of several determinations of the dissociation constant of 


tion, “‘non-competitive;” in spite of the fact that both cyanide and peroxide can 
combine with catalase hematin, they need not compete for the same catalase hem- 
atin group in order to inhibit catalase activity. On the other hand, direct com- 
petition between peroxide and cyanide for the same hematin group will occur at 
cyanide concentrations greater than those required to inhibit the activity, and this 
reaction is studied spectrophotometrically in detail (see Chance (4)). 
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catalase cyanide based on activity studies are summarized in Table V, 
It is clear that the more recent determinations with pure catalase give 
consistently higher values than those obtained by the earlier workers who 
used cruder preparations (with the exception of Stern). This effect is 
not due to temperature alone, because Lemberg and Foulkes’ data taken 
at 0° agree with Keilin and Hartree’s and these data. Apparently the 
purer catalases are less sensitive to cyanide than are the cruder solutions. 


SUMMARY 


1. The velocity constant for the combination of catalase and cyanide 
is 9 X 10° X sec... The velocity constant for the dissociation of catalase 
cyanide is 3.2 sec.’ at pH 7.0 and 2.9 sec. at pH 4.6. The dissociation 
constant of catalase cyanide (K,) calculated from kinetic data is 3.6 x 
10-* 

2. On the basis of spectrophotometric data, K; = 4 X 10-* a. 

3. By an improved method for determining catalase activity, it is found 
that K, = 4.7 X 10~* M, on the basis of the cyanide inhibition of catalase 
activity. 

4. The non-competitive inhibition of catalase by cyanide is due to the 
fact that not all catalase hematins are bound to peroxide in the catalase. 
hydrogen peroxide complex. 

5. Over the range 3.8 < pH < 8.7, the reaction of catalase with cyanide 
is represented by the equation 

FeOH + HCN Fecn + 
The four hematins of an erythrocyte catalase act independently. The 
apparent dissociation constant is calculated according to the relation 


[FeOH'|[HCN] 
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THE COMPOSITION OF CATALASE-PEROXIDE COMPLEXES * 
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Recently the long sought intermediate compound of catalase and hydro- 
gen peroxide has been identified, and its spectrum and reaction kinetics 
have been measured (1, 2). The properties of this complex are not, how- 
ever, those of a classical enzyme-substrate compound of Michaelis and 
Menten. One very unusual property of this complex is that not all of the 
four catalase hematins of erythrocytes are bound to peroxide, even when 
saturation with peroxide is demonstrated spectrophotometrically. It is 
the purpose of this investigation to study this property of the catalase- 
hydrogen peroxide complex in some detail and to obtain a quantitative 
measure of the number of peroxide molecules bound to the catalase mole- 
cule. 

Several independent experimental methods indicate this property of the 
complex in a qualitative manner. First, titration of catalase with hydro- 
gen peroxide gives molar amounts of this complex in excess of the molar 
amount of peroxide added when the calculation is based upon the com- 
bination of peroxide with all the catalase hematins. Second, the non- 
competitive inhibition of catalase activity by cyanide (3) indicates that 
not all catalase hematins are combined with peroxide under the conditions 
of the test for catalase activity. Third, the spectrum of catalase hydrogen 
peroxide is very unusual. The difference of extinction coefficient between 
catalase and this catalase-hydrogen peroxide complex is rather small, 40 
cm.~' X mm~ at 405 mu, which is about equal to the difference between the 
extinction coefficients of a four-hematin horse erythrocyte catalase (380 
em.~' X and a three-hematin horse liver catalase (340 cm.-! X 
(1). 

On the other hand, the change of extinction coefficient between catalase 
and the unstable primary catalase-alkyl hydrogen peroxide complexes is 
large (180 cm.-' X mm at 405 mu for horse erythrocyte catalase) (2). 
A possible explanation of the greater change of extinction coefficient in 
the latter reaction may be that more alkyl hydrogen peroxide groups than 
hydrogen peroxide groups attach to catalase hematins. In fact, on the 
assumption that the change of extinction coefficient per peroxide group 


* This is Paper 2 of a series on catalases and peroxidases. 
t John Simon Guggenheim Memorial Fellow (1946-48). Present address, Johnson 
Research Foundation, University of Pennsylvania, Philadelphia. 
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bound to hematin iron is the same for alkyl hydrogen peroxides and for 
hydrogen peroxide, the spectral data suggest that 4 times as many alky| 
hydrogen groups as hydrogen peroxide groups attach to catalase; i.e, 
four alkyl hydrogen groups per erythrocyte catalase molecule, but only 
one hydrogen peroxide group per catalase molecule. 

It is of importance to obtain further proof of such a difference in the 
nature of these compounds, because it may lay the foundation for an 
explanation of the tremendous difference in the reactivities of catalase 
towards hydrogen peroxide compared with alkyl hydrogen peroxides. Ca- 
talase decomposes hydrogen peroxide into oxygen and water with a tre- 
mendous velocity (in 0.1 m hydrogen peroxide the turnover number is 
3.5 X 10’ X 0.1 = 3.5 X 10° times per second (Bonnichsen, Chance, and 
Theorell (4))), while catalase scarcely decomposes the alkyl hydrogen 
peroxides at an appreciable velocity in the absence of alcohols (a turnover 
number of about 0.02 times per second). 

Previous methods of determining the number of peroxide groups at- 
tached to hematin (for example, those used by Keilin and Hartree (5) 
in the studies of the methemoglobin-hydrogen peroxide and ethyl hydrogen 
peroxide complexes) are completely unsuitable here, since not only is the 
catalase-hydrogen peroxide complex fairly unstable, but a considerable 
amount of hydrogen peroxide is decomposed during its formation (1). 

Even the rapid spectrophotometric titration used in the study of the 
primary peroxidase-hydrogen peroxide complex (6) is unsatisfactory here, 
since the mechanism of hydrogen peroxide decomposition must be com- 
pletely formulated in order to use such titration data in a calculation of the 
number of hydrogen peroxide groups bound to catalase hematin. It is 
desirable to use a purely chemical test for unbound hematin groups in 
catalase-peroxide complexes which requires no postulates of enzymatic 
mechanism. 

If a catalase-peroxide complex is mixed, for example, with cyanide, 
which reacts very rapidly with free catalase hematins (3), the initial 
amount of the catalase cyanide compound formed relative to that formed 
from free catalase is a direct measure of the number of the free catalase 
hematin groups in the catalase-peroxide complex. The amount of cata- 
lase-cyanide complex is readily estimated spectrophotometrically. Some 
of the characteristics of the catalase-cyanide reaction are now reviewed to 
determine whether cyanide is a suitable reactant. 

Reactions of Catalase with Cyanide or Peroxride—The chemical method 
for determining the number of free hematin groups in a catalase-peroxide 
complex requires that cyanide and peroxide compete for the same place on 
the iron atoms of catalase. There is, however, no direct evidence of com- 
petition between hydrogen peroxide and cyanide in the inhibition of the 
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destruction of hydrogen peroxide (3), although competitive inhibition can 
be completely demonstrated for peroxidase (7). In this paper, direct 
spectroscopic evidence is presented that cyanide can displace hydrogen 
peroxide from catalase hematin (see Fig. 2), and therefore cyanide is a 
suitable substance in this respect. Thus the lack of competitive inhi- 
bition of catalase is caused by the peculiar mechanism of the catalase- 
hydrogen peroxide reaction and not by the fact that cyanide and peroxide 
combine at different parts of the hematin group. 

Direct evidence that cyanide forms a ferric iron covalent compound with 
catalase is furnished by the magnetic measurements of Theorell and Agner 
(8). From direct studies of the reaction of catalase and cyanide (3) and 
from analogy with studies of methemoglobin cyanide (9), it is clear that 
cyanide ion combines with catalase iron. Magnetic studies (8) further 
indicate that cyanide ion combines only with intact catalase hematins and 
not with those partially or completely converted into bile pigment; a 
three-hematin horse liver catalase molecule binds only 3 cyanide ions. 


Methods 


Since the catalase-hydrogen peroxide complex begins to decompose 
several tenths of a second after its formation (see Chance (1), especially 
Fig. 3), the rapid flow technique (10) is essential. 

The ideal form of the rapid flow method for this purpose is the two- 
mixer technique of Hartridge and Roughton (11), in which the unstable 
catalase peroxide is formed in one mixing chamber and, at any short time 
later, is mixed with cyanide ion in a second mixing chamber. However, 
completely satisfactory results may be obtained with a single mixing 
chamber in the following general cases. (1) Catalase is mixed with perox- 
ide and cyanide simultaneously, but the peroxide reaction is complete 
before the cyanide reaction has progressed appreciably. (2) The catalase- 
peroxide complex is stable enough to permit premixing in a test-tube, 
followed by reaction with cyanide in the rapid mixing chamber. 

The first method is applicable to the catalase-hydrogen peroxide com- 
plex and the second to the catalase-alkyl hydrogen peroxide complexes. 
The kinetic and equilibrium data for the catalase-cyanide and catalase- 
peroxide complexes specify the relative cyanide and peroxide concentra- 
tions for a successful experiment. The following equations define the 
reaction velocity constants involved in the kinetics and equilibrium. 
They are written for the specific case of a three-hematin horse liver catalase 
and a catalase-hydrogen peroxide complex in which only one of the three 
hematins is bound. Equation 1 is similar to that given previously, except 
that the value of n = 1 is used here (1), and the heme-linked hydroxyl 
group of catalase is indicated (12). The definition of the velocity con- 
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stants and the equation for the reaction of catalase and cyanide were 
given previously (3). It is assumed that the catalase hematins react 
independently. 


Cat(OH),; + H,0, Cat(OH):(OOH) + (1) 
2 
Cat(OH),(OOH) + 2HCN Cat(CN),(OOH) + 2H,0 2) 


The initial hydrogen peroxide concentration is zo, and the initial cyanide 
concentration is %. The values of k; and ks are 3 10’ m~ (1) and 
9 X 10° mw” sec.“ (3) respectively. The value of ks is very slightly af- 
fected by whether or not peroxide is already bound to a catalase hematin. 
The apparent dissociation constant for Equation 2 is 4 K 10-* m (8). 
The apparent dissociation constant for Equation 1 is about 1 X 10¢ 
(1). 

Method 1—If the composition of the complex of Equation 2 is to be de- 
termined to an accuracy of 3 per cent, the velocity of formation of the hy- 
drogen peroxide complex (4:2) must be at least 30 times greater than the 
velocity of formation of the cyanide complex (hs); otherwise, cyanide 
might compete with hydrogen peroxide. 


3 X 10’ 
1 X 


kee 


> 30; > 30; . Zo > te (3) 


Thus the initial hydrogen peroxide concentration need be only slightly 
greater than the cyanide concentration. 

Since catalase must be saturated with hydrogen peroxide, the initial 
hydrogen peroxide concentration must be larger than 10~* m. 

The initial cyanide concentration should be large enough to give a read- 
ily measurable amount of the catalase cyanide compound. In this par- 
ticular method, it has been convenient to use an initial cyanide concen- 
tration which gives about 0.5 to 0.75 saturation of catalase with cyanide. 
When the catalase concentration is comparable to the cyanide concentra- 
tion, there are appreciable differences in the concentration of uncombined 


cyanide, depending upon whether the reaction is with free catalase or — 


with the catalase-hydrogen peroxide complex, and appropriate corrections 
to the concentration of catalase cyanide are calculated in the “Appendix.” 
Method 2—The catalase-alkyl hydrogen peroxide complexes are stable 
for about a minute, and therefore the complexes, preformed in a test-tube, 
are mixed with cyanide in the rapid flow apparatus. 
Spectroscopic Considerations—The primary catalase-peroxide complexes 
and catalase have an isosbestic point (the same extinction) at 435 my, 


SR > 
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and therefore the concentration ot the catalase-evanide complex is mes- 
ured at this wave-length. 

Choice of Catalases Tt hvdrogen peroxide is bound to only one catalase 
hematin, a 2 
pound formed on reaction of evanide with the catalase-hydrogen peroxide 


5) per cent decrease in the amount of catalase evanide com- 


complex would be expected with a four-hematin erythrocyte catalase and 
a 100 per cent decrease would be expected with a one-hematin catalase, in 
accordance With Iquation 2 above. Thus the method is most sensitive 
with low hematin catalases. Although low hematin catalases may be 
prepared by the methods of Lemberg and Legge (15), the methods for 
determination of the bile pigment content require liurge corrections. ‘The 


CATALASE 
CYANIDE 
CATALASE 
CYANIDE 
HY 
OP TICAL PEROXIDE 
DENSITY 
INCREMENT - 
CATALASE 
(oS mm, CYANIDE 
455 ios MM. 
Do=75 mm 
FREE 
HYDROGEN 
TIME AFTER PEROXIDE 
FLOW STOPS -— SEC. LO 1.0 
HYROCYANIC ACID (uM) 4 4 
HYDROGEN PEROXIDE (UM) O 10 


hig. 1. The kineties of the formation of exntalase evanide in the absence (left- 
hand) and in the presenee (right-hand) of hydrogen peroxide. 3.4 um of hematin 
iron horse liver catalase, 6.5, O.OL Mm phosphate buffer (l-xperiment S2b). 
hematin content of horse liver catalase prepared according to the methods 
of Agner (14) and Bonnichsen (15) has been determined by several meth- 
ods, including splitting experiments, magnetic titrations (8), and spectro- 
photometric tests (3, 15), and appears to be rather close to three intact 
hematins. Tlowever, experiments with the four-hematin catalase of horse 
erythroeytes and with an especially prepared low hematin catalase are 
deseribed. The catalases used in these experiments were purified by Dr. 
R. WK. Bonnichsen, to whom many thanks are due. 

Composition of Catalase Hydrogen Peroxide Intermediate Fig. 1 shows 
on the left the reaction of catalase and cyanide as recorded spectropho- 
tometrically in the rapid flow apparatus (16). The top tracing represents 
flow velocity and its downward deflection indicates the moment at which 
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the flow is started. At that time, previously formed catalase evanide js 
washed out of the capillary observation tube by the discharge of the 
svringes and is replaced by thoroughly mixed catalase and evanide. The 
flow velocities emploved correspond to such short times atter mixing that 
the reaction of catalase and evanide does not proceed to a measurable 
extent. Thus a solution of tree catalase is flowing rapidly down. the 
observation tube. The spectrophotometer records the abrupt decrease 
of optical density caused by the replacement of catalase cvanide by free 
catalase. But when the flow stops, the reaction of catalase and cvanide 
proceeds, and an inerease of optical density equivalent to oan) upward 
oscillograph deflection of 105 mm. is measured from Pig. 1. This detlee- 
tion is termed 

In the right-hand record, the same renetion is repented, but LO ga of 
hvdrogen peroxide are mixed with the evanide solution previous to filling 
the svringes of the rapid flow apparatus. On initiating the flow catalase 
is now mixed with both evanide and hydrogen peroxide. The eatalase- 
hydrogen peroxide complex forms completely at the values of flow velocity 
used, but causes no deflection of the tracing beenuse the measurement was 
made at 435 my, an isosbestic point between the Soret bands of catalase 
and catalase hvdrogen peroxide (1). Thus a solution of the catalase. 
hydrogen peroxide complex at its saturation value is flowing rapidly down 
the observation tube, and, as already mentioned, has the same optics! 
density as tree catalase. When the flow stops, the reaction of evanide 
with catalase hematins not bound to hydrogen peroxide proceeds with the 
same velocity as in the lett-hand section, but gives an upward deflection 
of only 75 mm. This deflection is termed 2. Catalase hivdrogen perox- 
ide is unstable and decomposes in about a minute (see big. 2 or Chance 
(1)). As this decomposition occurs, cyanide combines with the treed 
catalase hematin, as indicated by the slowly rising tracing at the end of 
the right-hand record of Fig. 1. Finally evanide binds all three hematins 
and should give the full deflection of 105 mm. measured in the left-hand 
record (Dy). That this reaction actually oecurs is verified by the deflee- 
tion of the right-hand record before the flow ts started. This deflection 
was recorded several minutes atter a previous identical experiment, atter 
the completion of the decomposition of eatalase hydrogen peroxide and 
the consequent combination of evanide with all the catalase hemiatins. 
The change of optical density trom catalase evanide formed in this way te 
the catalase-hydrogen peroxide complex (which has the same optical 
density as free catalase at 135 my) is equivalent to an oscillograph deflee- 
tion of 105 mm. and is identical to the deflection obtained in the lett- 
hand section of Fig. 1. Thus the formation of extalase hydrogen peroxide 
reduces the deflection trom 105 to 75 mum. 
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If all the hematin groups were bound to peroxide, the deflection would 
have been reduced to zero (see Fig. 3). If only one of the three hematins 
were bound to peroxide, the deflection would be reduced by 33 per cent; 
ie., from 105 to 70 mm. In fact, these data have been calculated by the 
formula 1 — (D./D,)100, which gives the percentage reduction in the 
amount of catalase cyanide formed from catalase hydrogen peroxide com- 
pared with that formed from free catalase. 

In Fig. 1, the value of 1 — (D./D,)100 is 28 per cent. The value 
expected if hydrogen peroxide occupied only one of the three horse liver 
catalase hematins is actually 27 per cent, not 33 per cent.! Thus the ex- 


TaB_e I 
Variation of 1 — (D:/D,) with Cyanide Concentration 


3.4 um of hematin iron horse liver catalase, 10 um of hydrogen peroxide; A = 435 
mu; 0.01 m phosphate buffer, pH 6.5 (Experiment 82b). 


Initial cyanide, ou 
0.4 0.8 2.0 4.0 8.0 20 | 50 200 
ees | 44 38 27 30 20 18 8 3 


TaBLe II 
Variation of 1 — (D:/D,) with Hydrogen Peroxide Concentration 


3.4um of hematin iron horse liver catalase, 4 um of cyanide, A 435 my; 0.01 m phos- 
phate buffer, pH 6.5 (Experiment 84). 


Initial hydrogen peroxide, um 
0 i 2 4 $ 20 40 100 400 | 1000 
1 — (D;/D;)100........... 0 9 17 | 19 | 28 | 28 | 27 | 34 | 35 | 34 


perimental figure and the calculated figure verify that about 1 hydrogen 
peroxide molecule is bound per catalase molecule. 

Experiments over a wide range of cyanide and peroxide concentrations 
are given in Tables I and II, and the results are expressed again by the 
factor 1 — (D./D,)100. In Table I, the values of 1 — (D./D,) for low 
cyanide concentrations are considerably higher than the theory requires, 
but the error in recording the small concentration of catalase cyanide is 
large. At 8 um of cyanide and above, the limitations of Equation 3 are 
exceeded and a decrease of 1 — (D2/D,) is seen; here cyanide is competing 


A calculation shows that the decrease in the amount of cyanide compound to be 
expected is 27 per cent instead of 33 per cent for a liver catalase with one hematin 
bound, since appreciably more free cyanide is present in this case (see ‘‘Appendix”’). 


in 
| 
hy 
ine 
ret 
ide | 
irq 
ing 
| 
th 
ot 
tel 
ni 
ns. | 
cul 


1318 COMPOSITION OF CATALASE PEROXIDES 


with hydrogen peroxide for catalase hematin. In accordance with the 
data of Table I and in agreement with Equation 3, 4 um of cyanide ar 
chosen for the experiments shown in Table II, and the effect of a variation 
of hydrogen peroxide concentration is studied. The values of 1 — (D,/D,) 
for the larger values of hydrogen peroxide concentration are probably 
accurate and may be compared with the expected value of 27 per cent for, 
three-hematin catalase.' The average experimental value (34 per cent) 
indicates that the catalase-hydrogen peroxide compound consists of about 
1 molecule of hydrogen peroxide per catalase molecule. 

Competition between Hydrogen Peroxide and Cyanide for Catalase Hema. — 
tin—According to the experiments just described, catalase hematins not 
bound to hydrogen peroxide in the catalase-hydrogen peroxide compley 
can combine readily with cyanide. The reaction of these free hematins 
is shown by the records of Fig. 1 and by the data of Table II to be inde. 


+136 SEC +36 sec 
— 
= 2 
ITY 
INCREMENT IEE CATALASE 
CATALASE 
ip HYDROGEN 
PEROXIDE 
+ 
HYDROGEN PEROXIDE ym 20 20 
CYANIDE uM 200 
ETHANOL 100 100 


Fic. 2. The effect of cyanide upon the kinetics of the catalase hydrogen peroxide 
compound measured at the isosbestic point for catalase and catalase cyanide (Ex. 
periment 86). 3.4 um of hematin iron horse liver catalase. 


pendent of hydrogen peroxide concentration, a non-competitive reaction 
These free hematins also participate in the destruction of hydrogen peror- 
ide (3) and, therefore, the inhibition of catalase activity by cyanide ion & 
non-competitive, as is shown by the data of von Euler and Josephson, 
Stern, and Keilin and Hartree, in which roughly the same degrees of cy: 
anide inhibition of catalase were obtained in spite of large variations i 
the initial hydrogen peroxide concentration (for a summary, see Chane: , 
(3), Table V). 

On the other hand, we can now show that the catalase hematin bound te 
hydrogen peroxide in the catalase-hydrogen peroxide complex is involved 
in competitive inhibition with cyanide. Table I shows how increasing 
cyanide concentrations can nearly completely prevent the formation of the 
catalase-hydrogen peroxide complex. Table II shows how increasing — 
initial hydrogen peroxide concentrations can displace cyanide from the 
catalase-hydrogen peroxide complex. And finally, Fig. 2 shows directly 
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the decrease in the concentration of the catalase-hydrogen peroxide com- 
plex caused by cyanide competing with hydrogen peroxide. This record 
was obtained at the isosbestic point for catalase and catalase cyanide 
(417 mu), and at this wave-length the kinetics of catalase hydrogen per- 
oxide are recorded without interference from the kinetics of catalase cy- 
anide. The left-hand record shows the usual kinetic curve for the rapid 
formation (sharp drop), and slow disappearance (slow exponential rise) 
of catalase hydrogen peroxide (see Chance (1)). The right-hand tracing 
clearly shows that 200 um of cyanide have “captured” 82 per cent of the 
catalase hematin bound by hydrogen peroxide in the left-hand record. 
But the dissociation constant of catalase cyanide (4 X 10~-* o) indicates 
that nearly 100 per cent of the catalase hematin should have been bound 
by cyanide if no peroxide were present. The dissociation constant of 
catalase cyanide calculated from Fig. 2 is Ay = 44 X 10° m. Thus 
hydrogen peroxide and cyanide exhibit competition in this record. 

The theoretical increase of the catalase cyanide dissociation constant 
may be calculated for the usual formula K,’ = K,{l + (20/Kw)]; this is 
the usual formula for simple competitive inhibition (7), where zr = 20 
xX 10 m hydrogen peroxide (initially) and A, = 0.6 X 10-* m (see 
Chance (1); the value of K,, is about half that of the catalase molarity). 
K,' is calculated to be 1 X 10° m. Thus 65 per cent of the catalase 
hematin is calculated to be bound by cyanide, and 82 per cent is actually 
indicated by the right-hand side of Fig. 2. 

These simple calculations are in error because the hydrogen peroxide 
concentration at the time the cyanide ion combines with catalase is less 
than the initial peroxide concentration, owing to the destruction of perox- 
ide by catalase. ‘This reaction is, of course, partially inhibited by cyanide. 
Thus the calculated value of K,’ should be considerably less than 1 xX 
10~* m and, therefore, in better agreement with the experimental value. 

A further proof of the competition between cyanide and peroxide is 
furnished by the data of Tables I and II, which are further analyzed in 
Tables III and IV. The data of Table I represent the titration of the 
catalase-hydrogen peroxide complex with cyanide. Since cyanide ion is 
competing with the peroxide molecule for the catalase hematin, the dis- 
sociation constant is no longer 4 X 10~-* m but is calculated in Table III 
to be K;’ = 16 X 10-* m in the range in which the data are most reliable. 
Thus there is no doubt of competitive inhibition, for the values in Table 
ITI are about 3 times greater than the dissociation constant of the catalase 
cyanide in the absence of peroxide. However, the decomposition of hy- 
drogen peroxide causes less than the amount of competition calculated ac- 
cording to the equation above: K,’/ = 5 X 10 M. 

The data of Table II represent the titration of catalase cyanide with 
hydrogen peroxide, and the dissociation constant (K’) of the peroxide 
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molecule competing with the cyanide ion for the catalase hematin is caleu. 
lated in Table IV in the range in which the data are most reliable. kK’ 
is found to be 2 X 10~* m compared with the calculated value of 1.2 x 
10-* (K’ = K (1 + [CN]/K,)). Here K’ is greater than the calculated 
value. No explanation of this discrepancy can be given at present. 
Thus the competition between cyanide and peroxide for catalase hematin 
involved in the catalase-hydrogen peroxide complex is clearly demon. 


III 


Competition between Cyanide and Hydrogen Peroxide for Catalase Hematin, Caley. 
lated from Table I 
10 wm of peroxide. 


Initial cyanide concentration, um 
& 20 50 200 
Measured % catalase hematin bound 39 55 76 91 
by cyanide, (833 — (1 — (D,/D,) 
100)/33) 
Jim x 12 16 16 20 
q % 
Tasie IV 


Competition between Cyanide and Hydrogen Peroride for Catalase Hematin Calew 
lated from Table II 
4 um of cyanide. 


Initial hydrogen peroxide concentration, uu 
i 2 4 20 


Measured % catalase hematin bound | 26 50 56 85 85 
by hydrogen peroxide, (1 — (D;/D,;) 
100)/34 

Calculated equilibrium constant, 2.0 1.4 2.7 0.8 4.0 


(5 - 1) = K',m X 10 
% 


strated. Nevertheless, the inhibition of the destruction of hydrogen 
peroxide by catalase is non-competitive, because catalase hematins not 
involved in this complex are required for the destruction of hydrogen 
peroxide. 

Composition of Catalase Ethyl Hydrogen Peroxide Compound—Expet 
mental results obtained by use of Method 2 are shown in Fig. 3. Records 
A and B are directly comparable with those of Fig. 1. The first reaction 
(A) is simply a calibration of the amount of catalase cyanide that forms 


4 
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from all three hematines. ln the second record (2B ethvl hvdrogen per 
oxide first ndded to catalase ina test-tube, and the mixture was sucked 
up into the syringe ot the rapid flaw apparatus and there, 0.3 minute 
after mixing in the test-tube, was mixed with evanide in the capillary. 
This record contrasts sharply with the corresponding record of Fig. 1b; neo 
appreciable evidence ot the rapid evanide renetion Is obtaimed. buat only 
of a slow reaction at about the rate at which the catalase-ethvl hydrogen 
peroxide complex is breaking down. The remaining records contirm 
this: after 1.5 minutes, an appreciable amount of catalase hematin is tree 
to react rapidly with evanide, and, alter 3 minutes, nearly all the catalase 


A 


FLOW 
VELOCITY 
CATALASE 
CYANIDE 
CATALASE 
CYANIDE 


\ ! \ CATALASE AND 


SATALASE CATALASE ETHYL 
HYDROGEN 
TIME AFTER LO 0 0.5 LO 0 0.5 
FLOW STOPS — SEC. 
TIME AFTER 04 25 3.0 


MIXING CATALASE AND ETHYL HYDROGEN PEROXIDE - MIN, 


hie. 3. The kineties of the formation of extalase evanide in the absence of ethyl 
hvdrogen peroxide and during the decomposit tor of the eataulase ethyl hvdrogen 
peroxide Compler 0.4.1.5, 2.5, and 3 minutes In record A, catalase is mixed with 
evanide in the rapid flow apparatus In reeords Bto the eatalase ethyl hvdrogen 
peroxide is preformed andois then mixed with evanide in the rapid teow “apparatus. 
hematin tron horse liver catalase, lO au of evanide, 67 uw of ethvl hvdrogen 
peroxide (lxperiment 


hematin is free. This record is taken to indieate that ethyl hydrogen 
peroxide can bind all three of the eatalase hematins of horse liver. “Table 
\V shows the variation of | (PD. Dy with ethyl hvdrogen peroxide con- 
centration. “The equilibrium constant for catalase ethyl hwdrogen per- 
oxide as caleulated from the data of Table Vo appears to be too large (17), 
but a considerable portion of the substrate was decomposed before 1), 
Was measured, 

The composition of catalase methyl hydrogen peroxide can be assumed 
to be the same as that of the ethyl hydrogen peroxide complex, since their 
Soret bands are verv similar (1S). 

Simultaneous Reactions of Hydrogen Peroxide and Ethyl Hydrogen Peros- 
ide with Catalase Hematin Strong evidence tor the aecurney of these 
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conclusions is afforded by using ethyl hydrogen peroxide instead of ey- 
anide in the reaction of catalase and hydrogen peroxide. Since ethyl 
hydrogen peroxide combines more slowly than evanide (2, 17), a somewhat 
greater concentration of the former is required, 

These measurements were made at 410 mu, at whieh the extinetion co. 
eflicents of the catalase peroxide compounds are large and, per mole of 
hematin iron bound, are very nearly equal (18). Thus these data reeord 
the sum of the concentrations of catalase hydrogen peroxide and catalase 
ethyl hydrogen peroxide. 

A typical experiment is shown in Fig. 4. In record AL the saturation 
Value tor eotalase ethyl hydrogen peroxide is recorded on a rapid time seale 
= 70mm.) on the bottom line and ona slow time seale direetly above: 
In record 2B, the saturation value (1, foo mn.) and dite time ot the in- 
termediate compotnad ere deerensed hy the addition of 400 uM at 
aleohol threat the succeeding records ein completed rapidly 


V 


lines bre ‘ ith Cyanide 


$3.4 uM of hematin iron horse liver extalase. 10 uMoof evanide; QOD phosphate 


buffer, A = mye periment Old 
] 
In record C, the saturation value (J) = 21 mm.) and the kineties of eat- 


hydrogen peroxide are recorded. This compound forms very 
rapidly, nearly completely at the tastest flow velocity. “Thus there is only 
a very small change of its concentration when the flow stops. The cor- 
responding record (above) on a slow time seale shows that aleohol has alse 
aecelerated the decomposition of this intermediate (ef. Fig. 2. left-hand 
section). 

It now both hydrogen peroxide and ethyl hydrogen peroxide react simul- 
taneously with catalase hematin, as in record Ey the hydrogen peroxide 
compound formes first, as indicated by the 2l mm. rapid drop of the oscillo- 
graph tracing as the flow starts.” After the flow stops, the slower resetion 


? This record depicts what would happen if some hydrogen peroxide were acei- 
dentally present in the ethyl hydrogen peroxide. That in excess of the enzyme 
molarity would be rapidly decomposed and the remainder would react exactly as 
shown in record &. Indications of such a sharp step have not been noticed in the 
kineties of formation of ethyl hydrogen peroxide compounds 
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of catalase and ethyl hydrogen peroxide gets under way, but finds one of 
the catalase hematins alrendy bound to hydrogen peroxide. Thus*the 
extent of the slow reaction (Je) is only 27 mm. as compared with Dg 
= (5mm. in record Bo As the record above on a slow time seale shows, the 
reaction proceeds as in record B; the hydrogen peroxide compound soon 
breaks down, and all three hematins are available for ethyl hydrogen 


- SEC 72 SEC. = = 


TIME AFTER 0 2 0 0 0 


FLOW STOPS — SEC 

ETHYL HYDROGEN 133 0 43 
PEROKIDE — uM 

ETHYL ALCOHOL —MM O 400 400 400 400 
HYDROGEN 0 40 40 40 


PEROMIDE 


hia. 4. The kineties of the formation (lower section) and the course of the reaction 
(upper section) of catalase and ethyl hydrogen peroxide in the absence (1A, B) and 
in the presence of hydrogen peroxide (DD, A). 3.4 um of hematin iron horse liver 
catalase; = 410 my, 6.5, O.OL M phosphate Clexperiment 9la). The optieal 
density changes are as follows: J2,, from free eatalase to saturated catalase ethyl 
hydrogen peroxide from free eatalase to 0.65 saturated eatalase ethy1 hvdrogen 
peroxide; from free catalase to saturated catalase hydrogen peroxide; Dp and De, 
from saturated catalase hydrogen peroxide to 0.65 saturated catalase ethyl hydrogen 
peroxide. 


peroxide. “There is no indication in this slow record of the conversion from 
the catalase-hydrogen peroxide complex to the catalase-ethyl hydrogen 
peroxide complex, since the extinetion coefficients per hematin are very 
nearly equal. 

Record D, made just a few seconds after a previous injection, demon- 
strates the great kinetic difference between the two catalase peroxides. 
Since the capillary had just been filled with reactants before record D was 


A C D 
8 
| | 

| | | 
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started, the initial base-line corresponds to a mixture of the two enatalase 
peroxides at a little less than their saturation values. Rapid tlow of fresh 
reactants prevents the formation of the ethvl hvadrowen peroxide com. 
pound but not the hydrogen peroxide compound. “Thus the tracing does 
not rise to the optical density of free catalase, only to that of catalase 
hydrogen peroxide. After the flow stops, the ethyl hydrogen peroxide 
reaction proceeds, and the subsequent portions of record 1) duptlie: te 
those of record £. 

A simple calculation gives the number of hematins bound by hydrogen 
peroxide, since all these can be hy ethy| hydrogen peronide, 


VI 


(Com positron ‘atalase udroa rer ede iv (‘atalase 


Hematin compound Density Ratio of det 
lowe 
Cat(C WOO), 70 $.3 


Vil 


(Composition of Catalase H yl rode n Leroride in EKruthro ule Catalase 


Compound Rate of de 
CathO., Dy 1 
The ratio l — (Ld, | (25 40) percent is compared with 


the expected value of 33 per cent. The data are summarized in Table 
VI, and the value of Dy is corrected for partial saturation (12, Dy) to 
give 42 mm. 

The extinetion coefficients of these compounds per mole of hematin iron 
are nearly equal (IS); the data confirm the conclusions trom. the evanide 
experiments (Table 

In experiments in which a 1.35 uM horse ervthrocevte catalase having 
four intact hematins was used, the data ot Table VIP have been obtained 
hy it repetition ot lig. 1. The value of 1 — (De Dn) = 31 per cent com 
pared with the expected value of 25 per cent. The data are, however, in 
agreement with those obtained by using the three-hematin liver catalase, 
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and therefore show that the composition of catalase hydrogen per- 
oxide is unrelated to the bile pigment content of the catalase. 

Furthermore, no change in the composition of the catalase-hydrogen 
peroxide complex in a liver or an erythrocyte preparation is indicated by 
the change in optical density at 410 mu on formation of the complex: 23 
mm. for 1.35 um of erythrocyte catalase and 20 mm. for 1.17 uM of liver 
catalase. 

Composition of Catalase Hydrogen Peroxide in High Biliverdin Catalase 
—Bonnichsen has prepared some catalases of high biliverdin content (19). 
One of these preparations was tested by these methods in order to detect 
with greater sensitivity the effect of a variation of the number of hematins 


i 
CATALASE — 
i i i 
CATALASE 
PEROXIDE 
€ =330 
i i 
L i 
CATALASE- METHYL 
HYDROGEN SS 
PEROXIDE ~~ 


Fie. 5. The composition of catalase hydrogen peroxide formed in the presence of 
the notatinsystem. 0.95 um of horse blood catalase, 0.04 um of notatin added at A, 
6.7 um of glucose added at B, 10 um of methyl hydrogen peroxide added at C and at 
D;\ = 405 my, pH 7.0, 0.01 m phosphate buffer (Experiment 251). 


present in the catalase preparation upon the composition of catalase 
hydrogen peroxide. 

This catalase, when compared to a solution of erythrocyte catalase of 
equal optical density at 405 mu gives 36 per cent less cyanide compound at 
435 mu and 39 per cent less methyl hydrogen peroxide compound at 
405 my (18) and may be considered to have about 2.7 hematins. On 
the basis of a cyanide-hydrogen peroxide test similar to that in Table II, 
the value of 1 — (D,/D,) is found to be 38 per cent, and on the basis 
of a hydrogen peroxide-methyl hydrogen peroxide test according to the 
method just described, the value of 1 — (Dg/Dsz) is 39 per cent. 

Thus the composition of the catalase hydrogen peroxide is again shown 
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to be unaffected by a rather large change of bile pigment content, from 
0 to 1.3 catalase hematins. 

Composition of Catalase Hydrogen Peroxide Formed in Presence of Nota. 
tin, Glucose, and Oxygen—The formation of catalase hydrogen peroxide | 
from hydrogen peroxide produced by the notatin system has been reported 
(2). Since a continuous supply of hydrogen peroxide is available, the 
complex is stable for several minutes, and the number of free catalag 
hematins is simply determined by the addition of excess alkyl hydrogen 
peroxide, as in Fig. 5. 

In these tests, a recording spectrophotometer equipped with a 1.3 em 
cuvette was used. The formation of catalase hydrogen peroxide is shown 
at B and gives a deflection of 8.5 scale divisions on Fig. 5. As soon as 4 
steady state is reached, an excess of methy! hydrogen peroxide is added, 
and the total density increment is 28.5 scale divisions. Thus 8.5/28.5 or 
30 per cent of the four catalase hematins is bound in the hydrogen peroxide 
complex. 

These reactions provide a simple method for determining the number a 
intact hematins in a catalase containing biliverdin. If the ordinary spec. 
trophotometer is used, about 30 times stronger catalase is required, and 
some increase in the notatin concentration may be necessary to insure 
saturation of the catalase-hydrogen peroxide complex. Catalase solutions 
should be dialyzed thoroughly before this test to remove any alcohol, 
which would lower the saturation of the catalase-hydrogen peroxide con: 
plex owing to the peroxidatic reaction of this complex with ethanol. 


DISCUSSION 


The preliminary conclusion drawn from previous studies of catalase 
hydrogen peroxide is substantiated by these studies: the compound con- 
sists of very nearly | peroxide molecule per catalase molecule. In four 
determinations by two independent methods, the amount of hydrogen 
peroxide exceeded 1 per catalase molecule by 26, 21, 23, and 20 per cent 
(34/27, 40/33, 31/25, and 30/25) for horse erythrocyte and liver catalases. 
The inherent error of the method would allow a discrepancy of about 12 
per cent in these values.? The average of these data gives the compo 
sition of the catalase hydrogen peroxide as 1.2 + 0.1 peroxide-bound 
hematins. 


? The error of these methods is usually between 2 and 4 per cent of the total deflee- 
tion measured. Since the deflection due to the catalase-hydrogen peroxide complet 
is only one-third to one-fourth of the total deflection, the error is correspondingly 
greater. These errors are due to inadequate gain of the light intensity control, 
irregularities in the relative delivery from the syringes, and, in the case of horse 
liver catalase, errors in the determination of the number of intact hematins. 


— 
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There are two interpretations of the result. The first is that the cata- 
lase hematins are identical in all respects and are completely independent. 
In this case, each one of the four catalase hematin groups is slightly over 
0.25 saturated with hydrogen peroxide. The cause of the partial satura- 
tion of the enzyme-substrate complex is readily explained by the “‘purely 
kinetic’ theory of catalase activity (2); catalase activity involves the con- 
secutive reactions of hydrogen peroxide molecules with catalase and with 
catalase hydrogen peroxide, and the relative values of the velocity con- 
stants of the first and second reactions determine the saturation of the 
catalase-hydrogen peroxide complex in the steady state (2). This ex- 
planation, however, requires modifications to account for the constant 
composition of the catalase-hydrogen peroxide complex in catalases con- 
taining bile pigment. According to this theory, the measured compo- 
sition of the complex would decrease with a decrease in the number of 
intact hematin groups; a 2.7 hematin catalase should have only 0.8 perox- 
ide-bound hematin per catalase molecule, in contrast with the experimental 
data. Explanations for this discrepancy between the theory and the ex- 
periments can be obtained by postulating interaction between pairs of 
catalase hematins (L. Pauling, personal communication). But no evi- 
dence of such interaction has yet been found in the reaction of catalase with 
cyanide (3) or with methyl hydrogen peroxide (17). 

The second interpretation is that the composition of the catalase- 
hydrogen peroxide complex is not a statistical effect but is due to “special 
properties” of the catalase-hydrogen peroxide complex. After the com- 
bination of hydrogen peroxide with any one of the catalase hematins, the 
catalase molecule acquires ‘special properties,” which permit the rapid 
destruction of hydrogen peroxide at the free catalase hematins. Accord- 
ing to this simple theory, the composition of the catalase-hydrogen perox- 
ide complex would be exactly 1 peroxide molecule per catalase molecule 
and would be independent of the bile pigment content of the catalase mole- 
cule. The latter effect is in accord with these experiments, but the former 
conflicts with the composition of catalase hydrogen peroxide of 1.2 perox- 
ide molecules per catalase molecule. Also there are no “special proper- 
ties” of the catalase-alkyl hydrogen peroxide complexes (17). 

The composition of the catalase-hydrogen peroxide complex is remark- 
ably independent of the peroxide concentration: no significant change of its 
spectrum was obtained in 4 mm of hydrogen peroxide (1) or in the presence 
of the very dilute hydrogen peroxide (~10~* m) generated by notatin, 
glucose, and oxygen (2), a total range of about 10° in hydrogen peroxide 
concentration. 

That the composition of the catalase-hydrogen peroxide complex is a 
consequence of the ‘“‘catalatic” reaction (the rapid breakdown of hydrogen 
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peroxide by catalase) is clearly shown by comparison with the composition 
of the catalase-alkyl hydrogen peroxide complexes in which all the intact 
catalase hematin groups are bound to alkyl hydrogen peroxide and no 
“catalatic” reaction is observed; the breakdown of dilute alkyl hydrogen 
peroxide solutions by catalase in the absence of alcohols is very slow (2), 

Since the catalase-hydrogen peroxide complex forms from an erythrocyte 
catalase having no bile pigment, there is no reason for supposing that, in 
liver catalase, a combination with the bile pigment hematins is responsible 
for the catalase-hydrogen peroxide complex. 

The non-competitive inhibition of the destruction of hydrogen peroxide 
by catalase has led some investigators to conclude that cyanide and perox- 
ide do not attach to the same place on the catalase hematin (3, 20). How- 
ever, non-competitive inhibition is, in this case, clearly due to the 
combination of cyanide with the free hematins of the catalase-hydrogen 
peroxide complex. The fact that catalase activity is inhibited by a com- 
bination of these hematin groups with cyanide is proof that they are neces- 
sary for catalase activity. 

In these experiments, it has been possible to demonstrate spectroscopi- 
cally the competition between cyanide and peroxide for catalase hematin. 
Thus cyanide and peroxide do combine at the same point on catalase hem- 
atin. Therefore the earlier explanations of the non-competitive inhibi- 
tion of catalase activity are incorrect and are now unnecessary. 


SUMMARY 


1. In the catalase-hydrogen peroxide complex, 1.2 + 0.1 hematin groups 
are occupied by hydrogen peroxide as determined by the reaction of this 
complex with cyanide or alkyl hydrogen peroxides. 

2. The composition of the complex is not appreciably altered by a bile 
pigment content equivalent to 1.3 hematin groups or by a large variation 
in the hydrogen peroxide concentration. 

3. Hydrogen peroxide is shown to combine with the iron atom of cat 
alase hematin by competition between cyanide and hydrogen peroxide. 

4. In the catalase-alkyl hydrogen peroxide complexes, all the intact 
catalase hematins are bound to peroxide. 

5. The non-competitive inhibition of catalase activity by cyanide 
demonstrates that catalase hematins not involved in the catalase-hy- 
drogen peroxide complex are required for the destruction of hydrogen 
peroxide. 

APPENDIX 


Calculation of Change in Amount of Catalase-Cyanide Formed in Pres- 
ence and Absence of Hydrogen Peroride—The concentration of free cyanide 


ES SEE 
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is greater in the presence of hydrogen peroxide and a correction to the 
concentrations of catalase cyanide is calculated as follows: 

In the absence of hydrogen peroxide and for a liver catalase (EZ), the 
combination with cyanide (J) is represented as in an earlier paper (3). 
The initial enzyme concentration is e;, and the initial cyanide concentra- 
tion is %. The concentration of catalase cyanide (E£/;) is g;. Thus the 
free enzyme concentration is e; — q;, and the free cyanide concentration 
iS — 

E+ 31 El, (1) 
Since the iron atoms of catalase act independently, the equilibrium con- 
ditions are equivalent to the reaction of a single cyanide ion with a single 
iron atom. The dissociation constant is to be calculated; therefore, the 
equations are written in the reciprocal form. 


_ — (io — 


K; 


(2) 


In the presence of enough hydrogen peroxide to convert E into ES, the 
catalase-hydrogen peroxide complex, Equation 3 is written, in which the 
symbols have the same meanings as in Equation 1. 


ES + 21 —*— ESI, (3) 
Ki= — (te — 92) 
Solving Equations 2 and 4 for g, and q respectively gives 
G3 — Glico + Ki) + = 0, 
G3 — + + Ki) + erie = 0, a= 4c 
Then 
—b—Vb'— 4c 


where b = —(io + + Ki), ¢ = = —(to + + Ky’), = exto. 
It is here assumed that K; = K,’. 
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THE PRIMARY AND SECONDARY COMPOUNDS OF CATALASE 
AND METHYL OR ETHYL HYDROGEN PEROXIDE 


I. SPECTRA* 


By BRITTON CHANCEt 
(From the Biochemical Department of the Nobel Medical Institute, Stockholm, Sweden) 


(Received for publication, November 4, 1948) 


In this and following papers, the properties of two new catalytically 
active enzyme-substrate compounds of catalase are given. Paper I gives 
spectroscopic data, Paper II and III, data on kinetics and activity, and, 
in Paper IV, the reactions of these enzyme-substrate compounds with 
hydrogen peroxide are discussed. 

The red catalase ethyl hydrogen peroxide compound studied by Stern 
(1) is characterized by two sharp bands in the green region of the spectrum 
and requires about 0.3 m ethyl hydrogen peroxide for maximum spectro- 
scopic effects. Stern’s compound is, however, a secondary product of 
the reaction of enzyme and substrate. The primary reaction product is 
a green compound which has a single diffuse band in the red region of the 
spectrum and requires only a very small excess of ethyl hydrogen peroxide 
for maximum spectroscopic effects (~5 X 10-5 m). Catalase is here 
shown to form completely analogous primary and secondary compounds 
with methyl hydrogen peroxide (2). These primary (I) and secondary 
(II) compounds resemble the green and red peroxidase hydrogen peroxide 
compounds (see Theorell (3)). 

The spectra of the primary compounds of catalase with these alkyl 
hydrogen peroxides are related to that of the catalase-hydrogen peroxide 
complex (4) and give an indication of the spectrum of the latter compound 
in regions for which data have not yet been obtained. 

Preparations—Bonnichsen’s (5) catalase preparations were used in these 
experiments, and many thanks are due him. Ethyl hydrogen peroxide! 
was prepared and standardized as described by Stern (1). According to 
his tests, a pure material gave the same results, and since the concentra- 
tions employed here are about 0.001 to 0.0001 of those he employed, the 
effect of an impurity would be smaller. Methyl hydrogen peroxide was 
prepared as described by Reiche and Hitz (6). The distillate was about 


* This is Paper 3 of a series on catalases and peroxidases. 

t John Simon Guggenheim Memorial Fellow (1946-48). Present address, Johnson 
Research Foundation, University of Pennsylvania, Philadelphia. 

' Credit is due Miss Pero Kara for this preparation. 
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0.3 m. The concentrations were determined by titration as described by 
Stern (1) but more readily by the spectrophotometric method (see Reiche 
(7)). 

Visual Spectroscopy of Catalase Alkyl Hydrogen Peroxides—Stern (1) 
found absorption bands at 535.5 and 580 mu for his compound of catalase 
and ethyl hydrogen peroxide. In his experiments there was always an 
appreciable delay in the formation of the red compound; it was preceded 
by a greenish color which was attributed by him to “concomitant pigments 
in the enzyme solutions.” A repetition of Stern’s visual tests with pure 
catalase and either methy! or ethyl hydrogen peroxide shows that a diffuse 
absorption band appears at 670 my and is responsible for the transient 
green color of the catalase alkyl hydrogen peroxide solutions. Using a 5 
to 10 ue catalase solution in a 10 cm. tube, one sees the band at 670 my 
very clearly for about 4 seconds upon the addition of 40 um of methyl 
hydrogen peroxide and less distinctly for about 20 seconds upon the ad- 
dition of 160 um of ethyl hydrogen peroxide. At the end of these times, 
the band at 670 mu disappears, and that at 630 my reappears. With 
stronger catalase, the band at 670 my appears to extend from 640 mz 
towards 700 mu. On addition of larger amounts of the alkyl hydrogen 
peroxides, the green compounds are converted into the red compounds, 
which are stable for several minutes. The red methyl and ethyl hydrogen 
peroxide compounds of catalase have the same visible absorption spectrum, 
judged from the hand spectroscope, and their bands lie at 536 and 572 
my, at approximately the positions found previously by Stern. 

Stern’s red compound is therefore a secondary compound which is pre- 
ceded by a primary green compound, as in the case of the red and green 
peroxidase-hydrogen peroxide compounds (3). 

Relation between Spectral Shifts in Visible and in Soret Region—The 
photosensitivity and the changes of extinction coefficient are so small at 
670 and 580 my that kinetic studies with the rapid flow apparatus are 
uneconomical of enzyme solution, and use of the Soret region is always 
preferable. Therefore a series of experiments has been carried out in 4 
1.33 cm. cuvette to show the correspondence between the spectral shifts 
in the visible and Soret regions. The capillary cuvette of the flow appara- 
tus (8) is replaced by a pair of 1.33 cm. cuvettes. One cuvette is filled - 
with 1.13 um of catalase solution (5 cc.), and upon addition of 0.05 ce. of 
0.3 m ethyl hydrogen peroxide and stirring, the transmission changes are 
recorded directly, as shown in Fig. 1. The constant transmission of the 
catalase solution is followed by a sharp spike, indicating the moment at 
which the ethyl hydrogen peroxide is stirred in. Then the kinetics of the 
intermediate compound are recorded. The sensitivity is adjusted ap- 
propriately foreach record. In records B and D, the transmission changes 


| 


f 
7 
e 
t 
e 
8 


B. CHANCE 1333 


are larger than a few per cent and are not, therefore, directly proportional 
to the concentration of the intermediate compound. In record A at 
650 my, the green compound rapidly forms directly from catalase, and in a 
few minutes disappears. At 580 my there is very little, if any, evidence 
of a rapid reaction; only the slow formation of the relatively stable red 
compound at about the same rate as the green compound disappeared 
at 650 mu. ‘Thus it is shown that the green compound, in accordance with 
the visual tests, forms first and is slowly converted into the red compound. 
Similar records were obtained at 423 and 435 my. At the wave-lengths 


——~— COMPOUND II 
— 
COMPOUND I — A = 
+26 = Cc 
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Fig. 1. The relationship between the spectral shifts in the formation of catalase 
ethyl hydrogen peroxide I and II in the visible region and in the region of the Soret 
band of catalase. The units of earecm.~' X mm. The wave-lengths and sensitivi- 
ties (amperes per scale division) used in the four records are as follows: record A, 
650 mu, 6 X 107'*; B, 423 my, 6.2 XK 10-'*; C, 580 my, 1.3 X 10-'°; D, 435 my, 7.3 X 
10°*. The spacing between two of the heavier lines represents 10 scale divisions. 
An open 1.33 ecm. cuvette was used in these experiments. The spike indicates the 
moment at which the ethyl hydrogen peroxide was stirred into the solution. The 
final ethyl hydrogen peroxide concentration was3mmM. 1.134 of horse liver catalase, 
pH 7.0, 0.01 m phosphate (Experiment 145d). 


650 and 423 my, there are isosbestic points (wave-lengths of equal extinc- 
tion coefficient) for catalase and compound II, and at 580 and 435 mu, 
there are isosbestic points for catalase and compound I. Thus the ki- 
netics of these two compounds can be independently recorded at these 
points. The kinetics of compound I are usually recorded at 405 mu, 
because small concentrations of substrate give negligible amounts of com- 
pound ITI before compound I decomposes into free catalase (9). 

Soret Bands of Primary and Secondary Compounds—<As the data of 
Fig. 1 show, the secondary compounds are stable for several minutes when 
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dilute (~1 uM) catalase solutions are used, and the Soret band can be 
measured directly in the Beckman spectrophotometer, as shown in Fig. 2 
Curves Ila and IIb. To insure that compound I has been completely 
converted into compound II, the spectrum is measured after the initia] 
change of optical density at 421 my upon addition of the peroxide has de. 


400+ 
E 
oO 

100+ 
re) 
370 410 450 


A-mMu 


Fic. 2. The Soret bands of the primary and secondary catalase-alky] hydrogen 
peroxide complexes. The curve following the circles is the Soret band of catalase. 
Curves IIa and IIb are the Soret bands of catalase methyl hydrogen peroxide Il 
and catalase ethyl hydrogen peroxide II respectively. The Soret band of the pri- 
mary catalase-alkyl hydrogen peroxide complex is given in Curve I and is obtained by 
subtracting from Curve Ila the changes of extinction coefficient found in the rapid 
flow apparatus corresponding to the conversion of compound I to II. Curve IIa, 
0.64 um horse erythrocyte catalase, 300 um of methyl hydrogen peroxide (Experiment 
139). Curve IIb, 0.57 uo of catalase, 5, 10,100 ma of ethyl hydrogen peroxide. Curve 
I (A) 0.66 um of horse erythrocyte catalase, 100 um of methyl hydrogen peroxide; 
and (€)) 200 um of ethyl hydrogen peroxide (Experiments 127b and 130a). All curves, 
pH 6.5, 0.01 u phosphate buffer. 


creased to zero. Also the density at 435 mu is checked before and after the 
measurement to insure that complex II has not decomposed. 

It has been found with both horse radish peroxidase and lactoperoxi- 
dase (10) that the extinction coefficient of the secondary complexes is the 
same, regardless of whether methy! or ethyl hydrogen peroxide is used. 
Here the shapes of Curves IIa and IIb are similar, but the extinction 


coefficient of catalase ethyl hydrogen peroxide II as measured in the — 
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Beckman spectrophotometer is usually found to be slightly less (es 
= 232 cm.-' X mm~) than that of the methyl hydrogen peroxide complex 
(e3 = 242 cm.-' X ma"). Since 10 to 100 times more ethyl hydrogen 
peroxide than methy! hydrogen peroxide are required to stabilize the ethyl 
hydrogen peroxide complex for the duration of the experiment, some cata- 
lase is probably destroyed when ethyl hydrogen peroxide is used. The 
data for methyl hydrogen peroxide are therefore considered to be more 
accurate. 

In the ordinary spectrophotometer, the conversion of complex I into 
complex II begins before satisfactory measurements can be made (see 
Fig. 1). Therefore, the rapid flow apparatus is used to measure the change 
of optical density from complex I to complex II as illustrated by Figs. 3 
and 8 of Chance (9). The values obtained in such experiments are identi- 
cal within the experimental error for the methyl and ethyl hydrogen 
peroxide complexes, as Fig. 2 shows. These changes of optical density 
are converted into changes of extinction coefficient as before (4), except 
that here the optical density change at 435 my (where complex I and 
catalase have isosbestic points) is used to calculate the scale factor for the 
conversion from change of optical density to change of extinction coeffi- 
cient at the other wave-lengths. By subtracting these changes of extinc- 
tion coefficient from Curve Ila, Curve I is obtained. 

If Curve I is constructed by applying the changes of extinction coefficient 
from catalase to complex I to the catalase spectrum, the curve lies above 
that given in Fig. 2 in the region of 405 mu. The method described above 
is considered to be more accurate because the changes of extinction coef- 
ficient between Curves II and I are smaller and the shapes of the curves 
are more alike than are the catalase spectrum and Curve I. Therefore, 
errors caused by excessive spectral interval have a small effect upon the 
values of extinction coefficient of Curve I. 

In experiments with horse liver catalase, the Soret bands of the second- 
ary complexes of methyl and ethyl hydrogen peroxide were found to be 
nearly identical. The maximum extinction coefficient (€; = 204 em. 
X ma~) is less than that obtained with horse erythrocyte catalase in Fig. 
2 (€45 = 242 cm.~' X ma™) in accordance with studies of the cyanide com- 
plex (11). 


DISCUSSION 


The primary catalase-alkyl hydrogen peroxide complexes are now identi- 
fied as greenish colored complexes which precede the red secondary com- 
plexes, the general effect closely resembling that found by Theorell for 
horse radish peroxidase and hydrogen peroxide (3). As observed in the 
hand spectroscope, the addition of alkyl hydrogen peroxide to catalase 


‘< 
q 
7 
| ay 
| 


1336 CATALASE PEROXIDES. SPECTRA 


gives a large decrease of absorption in the green region and the formatig 
of a diffuse band at 670 my. A similar band of the primary catalase. 
hydrogen peroxide complex has been demonstrated spectrophotometr. 
cally (2). 

The Soret bands of the primary complexes of catalase with methyl 
ethyl hydrogen peroxide are the same but are much less intense than th. 
Soret band of catalase hydrogen peroxide. The Soret bands of the pr. 
mary peroxidase-peroxide complexes are identical, regardless of whethe; 
hydrogen peroxide or alkyl hydrogen peroxide is attached to peroxidas 
hematin. It is reasonable to conclude that the decrease of extinction 
coefficient of the Soret bands of the catalase-peroxide complexes per 
hematin iron group bound to peroxide is identical for hydrogen peroxides 
and alkyl hydrogen peroxides. Thus the difference between the intensity 
of the Soret bands of the primary catalase-hydrogen peroxide and catalase. 
alkyl hydrogen peroxide complexes is caused by a difference in the number 
of hematins bound to peroxide. 

The Soret bands of the primary complexes of catalase and methyl o: 


ethyl hydrogen peroxide are about half the intensity of the Soret band oi — 


the free enzyme and are of a shape generally similar to that of the free 
enzyme. No other known compound of catalase has a similar Soret 
band. In fact, a Soret band of this type is obtained only when the por- 
phyrin ring is opened, as in the degradation of hemoglobin (12) or when 
the bile pigment content of catalase is increased (11), for example, by treat- 
ment with a large excess of hydrogen peroxide (13). The decrease of e- 
tinction coefficient at 405 my obtained on formation of the primary alky! 


hydrogen peroxide complex (Aéus = 45 cm.~' X mac per hematin iro 


bound to peroxide) roughly equals the difference between a three- and four. 
hematin catalase (A¢us; = 380 to 340 = 40 cm.’ X ma for one hematin 
converted to bile pigment). But the peroxides combine directly with the 
iron atom of catalase and not to the methine bridges of the porphyrs 
ring (14). Speculation as to whether the porphyrin ring is actually ox- 
dized on formation of the primary complex by electron transfer from the 


iron-peroxide complex and is then reduced on reaction with the reducing — 
substrate or acceptor affords very interesting possibilities but is premature — 


at this time. 

The visible absorption bands of the secondary catalase-alkyl hydroges 
peroxide complexes lie at 536 and 572 mu, at approximately the positions 
found by Stern (1). Recently the secondary catalase-hydrogen peroxide 
complex has been found, and it has the same visible absorption bands 
Whereas the Soret bands of the peroxidase-alkyl hydrogen peroxide com- 
plexes are identical (10), the extinction coefficient of catalase ethyl hydro 
gen peroxide II was found to be slightly less than that of catalase methy! 
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hydrogen peroxide II. This is probably caused by slight destruction of 
the enzyme by the large excess of ethyl hydrogen peroxide. 

The valence of the iron in the primary catalase-alkyl hydrogen peroxide 
complexes is established as ferric because of the lack of any carbon monox- 
ide inhibition of the oxidation of alcohols (9). Also, cyanide has been 
shown to compete with peroxide for the iron atoms of catalase hematins 

14). 
} The secondary catalase-peroxide complexes are not enzymatically ac- 
tive, and their valence is not indicated by these activity tests. However, 


400} 
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2 


100 - 
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Fig. 3. The Soret bands of catalase cyanide and azide catalase. @ represents 
the Soret band of catalase. 0.6 um of horse blood catalase, 70 um of cyanide, or 3 
mm of azide; pH 6.5, 0.01 m phosphate buffer (Experiments 285 and 284). | 


the relationships between absorption spectra and iron bonding, which were 
established by Theorell (15) and recently summarized by Hartree (16), 
are applicable here. Catalase cyanide has been shown to be a ferric iron 
compound with covalent bonds by magnetic susceptibility tests (17). 
Its visible and Soret bands (compare Figs. 2 and 3) resemble those of the 
secondary catalase-peroxide complexes. By analogy, these secondary cata- 
lase-peroxide complexes are also ferric compounds with covalent bonds. 

No measurements have yet been made of the magnetic susceptibility of 
the primary catalase-peroxide complexes, and spectral analogies are weak 
because there is no compound of catalase which has a similar spectrum. 
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Azide catalase is colored green and has been found to be a ferric compound 
with ionic bonds (17). But there is a very remote similarity between the _ 
Soret bands of azide catalase and the primary catalase-peroxide complexes, _ 
as Figs. 2 and 3 clearly show. Only by analogy with the primary peroxij. | 
dase-peroxide complexes can the bond type of the primary catalase. 
peroxide complexes be established as ionic. The experimental data for 
the bond type of the primary peroxidase-peroxide complexes is, however, 
weak (10). 

The formation of a covalent iron-peroxide bond does not necessarily 
explain the slow conversion of the primary to the secondary catalase. 
peroxide complexes; such a shift can occur in peroxidase as rapidly as 
peroxide combines with the iron atom to form the primary complex (10). 
Nor is it true that covalent compounds of hematins form very slowly; 
the covalent catalase (18) and peroxidase (19) cyanides form fairly rapidly. 

Evidence is now accumulating for the importance and generality of the 
green primary peroxide complexes of presumably ionic bonds in catalysis | 
by catalase, horseradish peroxidase (10), and lactoperoxidase (10). On — 
the other hand, it is not yet established that cytochrome c peroxidase — 
forms such a complex (20), but the ability of the horseradish peroxidase 
to oxidize ferrocytochrome c (10) indicates that the reaction mechanism 
is very similar in these two cases. Verdoperoxidase has been observed to 
form a green complex but no red complex (21). No green complex of — 
methemoglobin with peroxides has yet been observed. 


SUMMARY 


1. Catalase forms primary and secondary enzyme-substrate compounds — 
with methyl or ethyl hydrogen peroxide. 

2. The primary complexes are green and have a diffuse absorption band 
starting at 670 my. The secondary complexes are red and have visible 
bands at 536 and 572 mu in approximately the positions found by Stem 
in his work on catalase ethyl hydrogen peroxide II. 

3. These complexes contain ferric iron according to the lack of carbon 
monoxide inhibition and spectral analogy. In the secondary complexes, 
the iron is probably bound by covalent bonds according to spectral anal — 
ogy with the covalent cyanide compound. In the primary complexes, 
the iron is probably bound by ionic bonds according to spectral analogy 
with the primary peroxidase-peroxide complexes. 

4. In the primary catalase-alkyl hydrogen peroxide complexes, the 
Soret bands are similar in shape to that of the free enzyme but are shifted 
towards the visible region of the spectrum by several millimicrons. At 
405 my, the decrease of extinction coefficient is the same for ethyl and 
methyl hydrogen peroxide, about 180 cm.’ X for an erythrocyte 
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catalase or about 45 cm.-' X mm per hematin iron group bound to 
e. 

5. The Soret band of the secondary catalase-methy! hydrogen peroxide 
complex resembles that of catalase cyanide and has a maximum value, 
= 242 cm.-' X The Soret band of the secondary catalase- 
ethyl hydrogen peroxide complex was found to be slightly smaller, owing 
probably to catalase destruction. 

6. It is probable that the reaction of all catalases and peroxidases with 
peroxides involves the primary formation of the same type of complex. 
The exact nature of this complex is not known; the spectroscopic data 
suggest that changes in the porphyrin ring of the hematin group may be 
involved. 
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THE PRIMARY AND SECONDARY COMPOUNDS OF CATALASE 
AND METHYL OR ETHYL HYDROGEN PEROXIDE 


II. KINETICS AND ACTIVITY* 


By BRITTON CHANCET 


(From the Biochemical Department of the Nobel Medical Institute, Stockholm, Sweden, 
and the Johnson Research Foundation, University of Pennsylvania, Philadelphia) 


(Received for publication, December 18, 1948) 


The catalase-ethyl hydrogen peroxide compound studied by Stern (1) 
formed slowly, even in the presence of a very large concentration of ethyl 
hydrogen peroxide. In the previous paper (2), Stern’s compound has been 
shown to be preceded by a green primary compound. These kinetic 
studies show that the primary compound forms rapidly, has a high affin- 
ity' for its substrate, and quantitatively fulfils the requirements for a 
Michaelis intermediate. The primary compound of catalase and methyl 
hydrogen peroxide has similar properties. 

Keilin and Hartree have demonstrated the oxidation of ethanol to acet- 
aldehyde by catalase and ethyl hydrogen peroxide (3). Whereas they 
believed that this peroxidatic oxidation was caused by the production of 
hydrogen peroxide from ethyl hydrogen peroxide, the reaction is shown 
here to be a peroxidatic reaction of the primary catalase ethyl hydrogen 
peroxide compound with ethanol. The oxidation of acceptors? such as 
the lower alcohols is a property common to the primary catalase alkyl 
hydrogen peroxides and catalase hydrogen peroxide (4). The reactivity 
of these three compounds towards alcohols is about the same. 

The variation of the velocity of the reaction of catalase with alkyl 
hydrogen peroxide and with alcohols of different sizes indicates that the 
accessibility of the iron atom in catalase hematin is limited to small sub- 
strate and acceptor molecules. 

The relative reactivity of the primary and secondary enzyme-substrate 
compounds towards alcohols has been evaluated and the inhibition of the 
oxidation of alcohols by the formation of the secondary catalase alkyl 
hydrogen peroxide compounds is demonstrated. 


* This is Paper 4 of a series on catalases and peroxidases. 

t John Simon Guggenheim Memorial Fellow (1946-48). Present address, John- 
son Research Foundation, University of Pennsylvania, Philadelphia. 

' “Affinity” is frequently used here to mean the reciprocal of the dissociation con- 
stant of the enzyme-substrate compound. 

*“Acceptor” is here defined as the molecule which is oxidized by the enzyme- 
substrate complex. 
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Kinetics and Equilibria of Primary and Secondary Compounds of Cat. 
lase with Ethyl or Methyl Hydrogen Peroride—The reactions studied jp 
this section are the combination of catalase (E) with alkyl hydrogen per. 
oxide (S) to form the primary complexes (ES,), 


E+ ES; 0) 


and their conversion into the secondary complexes (ES) 


ES; ESu (2) 
The iron atoms of catalase are assumed to react independently. 
Catalase Ethyl Hydrogen Peroxide I1—In dilute ethyl hydrogen peroxide 
and catalase solutions, the formation of compound II is so slow that the 
kinetics of compound I are satisfactorily recorded at 400 to 410 my before 
a considerable quantity of compound II has formed. Fig. 1 shows the 
formation and disappearance of compound I in the presence of several 
different initial ethyl hydrogen peroxide concentrations. These records 
were obtained in the rapid flow apparatus. The capillary cuvette is 
initially filled with the end-product of the previous experiment, free cata- 
lase, and then is rapidly refilled with mixed but unchanged catalase and 
ethyl hydrogen peroxide. Their reaction proceeds and causes an abrupt 
decrease in optical density, as indicated by the downward deflection of 
the recorder tracings in Fig. 1. A steady state ensues for about 30 seconds 
and then the intermediate compound disappears, owing to exhaustion a 
the substrate. The kinetics of catalase ethyl hydrogen peroxide I bears 
strong resemblance to those of peroxidase hydrogen peroxide II in the 
presence of ascorbic acid (5). 
The initial phases of the reactions of Fig. 1 have been recorded ons 
faster time scale and, at a particular initial concentration of ethy] hydrogen 
peroxide, the course of the reaction is shown in the tracing and graph of 


Fig. 2, a and b, to follow the second order equation. As in previous records | 


with the rapid flow apparatus, the downward deflection of the top tracing 
of the kinetic record represents the flow velocity of the reactants down the 
observation tube. Since this is a slow reaction, the optical density d 
free catalase is obtained while the reactants are flowing. When the flow 
stops, the combination of catalase and ethyl hydrogen peroxide proceeds, 
and the kinetics of formation are recorded directly against time. The 
half times of the formation of the complex are recorded in Table I for 
various initial ethyl hydrogen peroxide concentrations and are seen # 
be in fairly good accord with the second order equation. Thus compound 
I is formed by the bimolecular combination of all the catalase hematins 
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dissociition constant tor catalase and ethyl hvdrogen peroxide is here 
culated without regard for the disappearance of ethyl hydrogen peroxide 
due to the and is found to be 5.3 & The eor- 
rection tor the loss of substrate is given later. 

Catalase Methyl Hydrogen) Peroxvide Vhe primary” catalase methyl 
hvdrogen peroxide compound forms more rapidly than does the ethyl 


SS SS SS 
25 = = = | 
=== 
Ww — - 
= 
TIME AFTER 


MIXING — SEC. 
Fig. 1. Rapid spectrophotometrie recordings of the formation and disappearance 
of catalase ethyl hydrogen peroxide L. The saturation value corresponds to 48 
scale divisions. 5.7 um of hematin iron horse liver catalase; \ = 405 my, pH 6.7, 0.01 
M phosphate (experiment 77). 


hydrogen peroxide compound, as is shown by comparing the tracings A 
and Bof Fig. 2,a. This reaction is clearly of the second order as shown by 
Graph B oof Fig. 2, 6, and over the range covered by the data of ‘Table IT, 
the average value of is O.S5 & 10° seem. The larger velocity 
constant for the formation of this compound gives a nearly proportional 
increase in the affinity of catalase for methyl hydrogen peroxide com- 
pared with ethyl hydrogen peroxide. Since the enzyme concentration is 
larger than the dissociation constant, the error of this determination is 
rather large (A = 2 & 107M). The effect of enzymatic decomposition of 
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and catalase methyl hydrogen peroxide 1 (1B) obtained by the stopped flow method. 
(6) These curves are plotted according to the second order equation in Graphs A 
and B respectively. The sensitivity of the apparatus was about twice as great I 


tracing Basin A. The rises of the tracings of the original records have been re 
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——FLOW sToPS———— 


New 


CATALASE 
A | | B 
CATALASE \ 
CATALASE \ \ 


HYDROGEN 
PEROXIDE CATAL ASE 
HYDROGEN 
PEROXIDE 
10 20 2 
TIME AFTER FLOW STOPS— SECONDS 
CATALASE- Um 
HEMATIN IRON (@€) 3.4 2.3 
ALKYL 
HYDROGEN PEROXIDE - UM (Xo) 25 2.9 
A 4iomp 
Fic. 2, a 
3.0 
23 \og 
xe? e-p) ° 
MULTIPLY BY 
10° FOR CURVE A B 
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O- CURVE B 40 
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touched. 


2. (a) Records of the formation of catalase ethyl hydrogen peroxide [ (1 
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the substrate has again been neglected and will be discussed later, as will 
the method of calculation of the data in Table II on the velocity constant 
for the decomposition of the intermediate compound. 

Catalase Ethyl Hydrogen Peroxide II—The relative rates of formation 
of the primary and secondary compounds of catalase and ethyl hydrogen 


TaBLe [ 
Kinetics and Equilibrium of Primary Catalase-Ethyl Hydrogen Peroxide Complex 
Horse liver catalase; pH 6.7, 0.01 m phosphate, \ = 410 mu (Experiments 77 
and 9le). 


Initial ethyl hydrogen peroxide 5 10 25 50 25 100 200 
concentration, um 
Initial concentration of catalase §.56 | 65.6; 5.6; 3.4); 3.4] 3.4 
hematin iron, um 


Maximum concentration of com- 2.0 | 3.1} 5.3) 5.8) 2.8!) 3.3] 3.4 
plex I, um 
Half time for formation of com- 5.3 | 2.6, 1.6; 0.9; 3.0. 0.70) 0.36 
plex I, sec. 


2nd order velocity constant, k; X 3.4 | 3.0, 1.8; 1.7, 1.0} 1.0] 0.90 
10 uw X sec. 
Dissociation constant, K X 1 u §.2 | 5.3 5.3 


II 
Velocity Constants for Formation and Spontaneous Decomposition of Primary 
Catalase-Methyl Hydrogen Peroxide Complex 


1.9 um of hematin iron guinea pig liver catalase; pH 6.7, 0.01 m phosphate, A = 
405 mg (Experiment 120b). 


Initial methyl hydrogen peroxide, uw | 0.29 | 0.58 | 1.5 2.9 15 58 
Concentration of complex I at ¢, um 0.24 | 0.60 | 0.95 0.95 | 0.62 

t, sec. 0.33 | 0.39 | 0.30 0.06 | 0.0086 
2nd order velocity constant, k, X 0.90 | 0.84 | 0.96 0.76 | 0.80 


P 10* X 

Dissociation constant, K X 107 

——— concentration of complex | 0.40 

» 

Ist order velocity constant for de- | 0.017 0.016 | 0.015 
composition of catalase methyl 
hydrogen peroxide (by Equation 
12), 


ow 
© 
© 


peroxide are shown by the records of Fig. 3. At 395 mu, compound I is 
seen to be partially formed at the highest value of flow velocity correspond- 
ing to a time after mixing of several milliseconds and the reaction is com- 
Plete about 0.1 second after the flow stops. At 435 mu, the formation 
of compound II does not begin until the formation of compound I is nearly 
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complete. The wave-length, 395 my, is approximately the isosbestic 
point (wave-length of equal extinction coefficient) for compounds I and 
II, and this record shows a slight decrease of optical density due to the 
conversion of compound I to compound II. 

Although compound II does not form until after compound I, the rate 
of formation of compound II does increase with increasing ethyl hydrogen 
peroxide concentration, as is shown in Table III. The deviations from 


FLOW VELOCITY \ - 
FREE CATALASE ——> 


As 395 mp 


COMPOUNDS 


FLOW VELOCITY ——> 


COMPOUND 


A* 435 mp 


compounOD I 


TIME AFTER ‘= | | 
FLOW STOPS- SEC. 2 


Fic. 3. A comparison of the reaction kinetics of compounds I and II of guines — 
pig liver catalase (3.6 um of hematin iron) and ethyl hydrogen peroxide (50 mm) at 
two wave-lengths (Experiment 126). 


a second order reaction over the range of ethyl hydrogen peroxide con- 
centrations are very great. 

The slowness of this reaction had already been recognized by Stern (1) 
and was discussed as the “lag period” of a duration of about 3.8 seconds 
Later experiments of Stern and DuBois (7), as estimated from their Fig 
8, give a half time of 2 seconds and a value of k; = 3.5 m7 X sec.7 2 
0.1 m ethyl hydrogen peroxide. This value agrees roughly with an extr— 
polation of Table III. | 
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But the great discrepancy between these data and those of Stern (1) 
lies in the dissociation constant for compound IT. While Stern required 
0.3 m ethyl hydrogen peroxide to achieve saturation of compound II at 
3°, the dissociation constant of compound IT given in Table IIT is about 2 
x 10%. Neither Stern’s value nor this value is, however, corrected 
for decomposition of the ethyl hydrogen peroxide during the formation of 
compound II. 


TaB.e III 


Kinetics and Equilibrium of Secondary Catalase-Ethyl Hydrogen Peroride Complex 


3.6 um of hematin iron guinea pig liver catalase; pH 6.7, 0.01 m phosphate, A = 
435 my (Experiments 126 and 147). 


Initial concentration of ethyl hydro- | 20 | 40 | 60 | 4000 10,000 | 50,000 


gen peroxide, um 
Maximum concentration of complex 3.6 3.6 
II, 


Half time for formation of complex | 57 81 47 17 6.7 1.0 
II, sec. | 
2nd order velocity constant, w~' X | 610 | 215 | 240 10 10.3 14 
sec." 
Dissociation constant, wm X 10 1.3) 1.6 3.0 
TaBLe IV 
Kinetics and Equilibrium of Secondary Catalase-Methyl Hydrogen Peroride 
Complex 


2.4 um of hematin iron horse liver catalase; pH 6.7, 0.01 m phosphate, A = 435 
my (Experiment 136). 


Initial methyl hydrogen peroxide| 3.3| 16 | 33 | 50 | 91 | 330 
concentration, um 
Maximum concentration of complex 1.1 1.5 2.2 2.3 2.4; 2.4 


II, 

Half time for formation of complex 84 53 27 35 17 9.5 
II, sec. 

2nd order velocity constant, w~' X | 1250 | 840 830 410 460 220 

Dissociation constant, X 10° 8.7 2.8 2.2 


Catalase Methyl Hydrogen Peroxide II—As in the case of the primary 
compounds, catalase methyl hydrogen peroxide II forms more rapidly and 
has a smaller dissociation constant than the ethyl hydrogen peroxide 
compound. Records are shown later (Fig. 8) which indicate a similar 
delay in the formation of compound II until compound I has formed. 
Nevertheless, the data of Table IV show that the kinetics of this reaction 
follow a second order equation better than do those of catalase ethyl 
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hydrogen peroxide II and definitely suggest that the formation of com- 
pound II involves more than a first order conversion of compound I[ to 
compound II. The equilibrium constant (K = 4 X 10-* o) is later re. 
calculated. 


Decomposition of Primary Compounds 

General Theory—The decomposition of catalase hydrogen peroxide into 
free catalase has been shown to occur in two ways: first, in a slow spon- 
taneous reaction, and second, in a fast reaction in which the alcohol is 
oxidized to aldehyde (4). Fig. 1 shows that the primary catalase-ethyl 
hydrogen peroxide complex spontaneously decomposes into free catalase 
in the absence of alcohols and later data will show the rapid reaction of 
this complex with alcohols. Since the method of calculation of the veloc- 
ity constants for the decomposition of the intermediate compound from 
kinetic data is similar in both cases, the formulas for these two conditions : 
will be derived. 

Whereas the reaction kinetics of catalase hydrogen peroxide represent 
the decomposition of but 1 molecule of catalase hydrogen peroxide (be- 
cause the “‘catalatic’”’ reaction’ destroys all the peroxide except that which 
becomes attached to one of the catalase hematins (4)), there is no measur- 
able catalatic activity with the alkyl hydrogen peroxide, and the reaction 
kinetics represent the successive recombinations of catalase (Z) with alkyl 
hydrogen peroxide (S) to form the primary complex (ZS) and to de — 
compose spontaneously or to react with the acceptor (A).‘ The concen- 
trations of the reactants at any time are written under the symbols £, 
A, S,and ES. The nature of the products Q; and Q, and the effect of the 


secondary complexes upon the activity are discussed later. 
ky 
E+S ——— ES (3) 
+ he 1 f 
(e — p) (z) (p) 
ES; Q, (4) 
(p) I 
ke fc 


The differential equations for the formation of the intermediate compound : 


*“Catalatic” activity is here defined as the reaction of a hemoprotein with hy- 

_ drogen peroxide, giving water and oxygen. | 
‘The kinetics are similar to those already treated previously (5) for peroxidase =P, 

and hydrogen peroxide. In this case, however, full account is taken of the acceptor ua 
concentration and the equations are thereby more complex. | wm 


(p) (a) 

| 
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(dp/dt) and the disappearance of alkyl hydrogen peroxide (— dz/dt) and 
of alcohol (— da/dt) are 


— p) — — hap — aap 6) 
= kiz(e — p) — (7) 
da 
kap (8) 


By addition of Equations 4 and 5 


ata (ky + ky a)p (9) 
and at any time 
bad) [pi (10) 


where 2 is the initial value of x and a is assumed to be constant at its in- 
itial value ao. On integrating between t = 0 and ?¢t = © and substituting 
limits att = 0 of p = 0,2 = a, andatt = », p = Oandz = 0, 


[ pdt (11) 


From recent solutions of Equations 6, 7, and 8 obtained by the differen- 
tial analyser’ the factor fj'pdt is very nearly equal to pmax.ttore Where 
tion is the time interval from ¢ = 0 until p has fallen from its maximum 
value Pmax. tO Pmax./2. This had previously been found to be the case 
for the simpler differential equations (5). 


ky = ky + ko = 


Pmax. ott 


ky t+ = (12) 
It is thus possible to evaluate k; by setting a = 0. The value of k; thus 
found is applied as a correction to the rate when a) ~ 0, and in this way the 
true value of ky is found. The quantity pmax. must be evaluated in moles 
per liter. In these experiments (see Figs. 1, 4, and 5), pmax. is usually 
obtained as a fraction of the maximum value, p = e. For the peroxi- 
datic reactions of the catalase alkyl hydrogen peroxidase in which all the 


* Massachusetts Institute of Technology Center of Analysis, Differential Analyser 
Problem 164. These solutions, as those used previously (5), were obtained for 1 
uM of enzyme only. The empirical relations, however, appear to be valid over a 
reasonable range of enzyme concentrations. 
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intact hematins may be bound, e is the enzyme concentration in terms of 
hematin iron. The value of e may be determined directly as pyridine 
hemochromogen with the expenditure of catalase solution or more con- 
veniently from the optical density of catalase at 405 mu. The extinction 
coefficients of horse blood and liver catalases are known, and in these ex. 
periments the hematin iron content is obtained by multiplying the catalase 
molarity by 4 or 3 respectively. For low hematin catalases, it is preferable 
to use the more direct pyridine hemochromogen test (8). 

In the reactions of catalase hydrogen peroxide, the value p = e is ap. 
proximately the catalase molarity, since only about one catalase hematin 
is bound to hydrogen peroxide. Nevertheless, the values of ky calculated 
for hydrogen peroxide or for the alkyl hydrogen peroxides are directly 
comparable, since they refer to the reaction velocity of one hematin perox- 
ide group with the acceptor. 


TaBLe V 
Calculation of ky from Data of Fig. 1 by Equations 11 and 12 

[(CsH,OH], mar 5 10 25 50 

k, from Equation 11, sec.~'....... 0.040 0.040 0.049 | 0.047 
2.0 3.1 5.3 5.5 

ks from Equation 12, sec.-........... 0.039 | 0.038! 0.036; 0.04 


Breakdown Constant and Michaelis Constant for Catalase Ethyl Hydrogen — 


Peroxide I—A check of Equations 11 and 12 is afforded by the data of 
Table V, and it is seen that there is good agreement between the values of 
ks calculated from the data of Fig. 1. The constancy of k; over the 10- 
fold range of ethyl hydrogen peroxide concentration gives strong support 
to the mechanism represented by Equations 3 and 4; a single intermediate 
compound determines the reaction velocity, as was found in the case o 
peroxidase, hydrogen peroxide, and ascorbic acid or leucomalachite green 
(5). This decomposition of catalase ethyl hydrogen peroxide is, however, 
a “spontaneous” reaction, since no acceptor was added. 

It is possible that some alcohol was present in the ethyl! hydrogen 
peroxide owing to its decomposition after distillation, and it is necessary 
to prove that the “spontaneous” decomposition actually occurs. If 
alcohol were present, the values of ks found in Table V should have beet 
calculated according to Equations 11 or 12 in this manner: 


ky = ka + a 


| 

| 


= 


BY 


& 
&. 
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where f is the fraction of x which is ethanol. It will be shown later that 
k, is about 2000 m~ X sec.-'. The value of f can be determined in two 
ways. (1) If ks = O and alcohol is responsible for the observed value of 
ky, what is the required alcohol concentration? From the relation k;,’ 
= kfxo, f must range from a minimum of 0.46 at x) = 50 uM to a maximum 
of 3.5 at m = 5 um. It is very unlikely that the alcohol concentration 
derived from decomposition of ethyl hydrogen peroxide could be so high. 
(2) If ks is not zero, then the portion of the activity carried by the alcohol 
can be calculated from the increase of k;’ with zo, 


(14) 


Between % = 5 to zt = 50 uM, f can be no higher than 0.08. Thus the 
contribution to the observed rate by alcohol is negligible (0 to 0.008 sec.—). 

The constancy of k; in Table V indicates that the mechanism of de- 
composition of the catalase ethyl hydrogen peroxide compound in Fig. 1 
is due to a spontaneous decomposition of the enzyme-substrate compound 
as found with peroxidase and the concentration of alcohol which might 
lead to a peroxidatic reaction is too small to be a significant factor in these 
reaction kinetics. At larger values of x» the effect of an alcohol impurity 
is shown to be quite pronounced (9). 

Michaelis Constant—On the assumption that k,, the reversible break- 
down of the catalase-ethyl hydrogen peroxide complex, is negligible, and 
under the condition that no acceptor is present (a9 = 0) the Michaelis con- 
stant is simply the ratio of the rates of decomposition and formation of 
the intermediate compound, approximately 2 x 10-* M. 

The Michaelis constant may also be calculated directly from the curves 
of Fig. 1 in a manner described previously (5). The method of calculation 
used in Tables I and II is not exact, since the value of x when p = pmax. 
must be calculated from Equation 10 by using the mean value of k; in 
Table V. Then K,, is readily calculated according to the steady state 


formula 
Ka 1) (15) 
Pmax. 


The values of K,, are calculated for 5 and 10 uM of ethyl hydrogen peroxide 
only, since at higher concentrations a small error in pmax. g.ves a large 
change in the expression (¢/pPmax.) — 1. The average value calculated 
in Table VI (K,, = 3 X 10-* m) is somewhat higher than that calculated 
from kinetic data. A possible explanation of this discrepancy i is that ke, 


the reversible breakdown of the intermediate compound, is not zero but 
has a value of 0.02 sec.—. 


| 
| 
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Breakdown Constant and Michaelis Constant for Catalase Methyl Hy. 
drogen Peroxide I—The data given in Table II have been calculated by 
Equation 12 and show that the spontaneous breakdown of catalase methy| 
hydrogen peroxide I is somewhat slower (0.016 sec.~') but otherwise quite 
similar to that of catalase ethyl hydrogen peroxide I. The constancy of 
ks lends support to the mechanism of Equations 3 and 4. 

From kinetic data, the Michaelis constant for catalase and methyl 
hydrogen peroxide to form the primary compound is given by the ratio 
k3/k, = 0.016/8.5 & 108 = 2 X 10-* M, an enzyme-substrate affinity com- 
parable with that of peroxidase for hydrogen peroxide. The dissociation 
constant given in Table II was in error, owing to the decomposition of 


substrate during the formation of the intermediate compound. In a | 


calculation similar to that in Table VI, but on the basis of much less ex. 
tensive data, the dissociation constant for catalase methyl hydrogen 
peroxide I is found to be 1 X 10-7 m. Since k; = 2 K 10-* M, ky may 


Tasie VI 
Calculation of K. from data of Fig. 1 According to Equations 10 and 15 
om X sec. | au aM 
5 34 1.4 2.0 | 
10 60 2.4 | | 46 | 


have a value of about 0.1 sec.-'. However, both the values of the disso- | 


ciation constant and k, are maximum values. 


Peroxidatic Activity of Primary Compounds 


Catalase Ethyl Hydrogen Peroxide I—If ethanol and ethyl hydrogen 
peroxide are mixed with catalase, the striking changes of the kinetics of 
compound I shown in Fig. 4 are obtained. Both pmax. and 4 or decrease 
regularly with the increase of ethanol concentration. Also the values d 
k;’ calculated according to Equation 12 are seen to increase regularly. 
Since k; = 0.04 sec.~', the values of ky are calculated from Equation 12, 


since a» is known and is assumed to be constant throughout the reaction — 
If the experiment of Fig. 1 is now repeated in the presence of ethand, © 


as in Fig. 5, it is seen that the life time of the intermediate compound is 
much shorter, and the initial concentrations of ethyl hydrogen peroxide 
required to saturate the enzyme are much larger. The values of k ca 
culated by Equation 12 are relatively constant in spite of the change d 
saturation of the intermediate compound from 20 to 80 per cent. 


= = “Ss 


FS => 
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Catalase Methyl Hydrogen Peroxide I—The data of Table VII clearly 
show that the activity of this intermediate compound towards ethanol is 
very similar to that of catalase hydrogen peroxide (4) and somew hat less 
than that of catalase ethyl hydrogen peroxide. 

The spectroscopic cycles of catalase methyl hydrogen peroxide I are 
completed much more rapidly than those with ethyl hydrogen peroxide 


FREE 
CATALASE 


A+400mp 


ETHANOL — AM 40 100 200 
k'; — sect 0.04 0.10 0.20 0.42 


sec~'xio-> — LS 20 2.1 


Fic. 4. The effect of variation of ethanol concentration upon the kinetics of the 
catalase ethyl hydrogen peroxide compound. 33 um of ethyl hydrogen peroxide, 
3.4 um of hematin iron horse liver catalase; pH 6.5, 0.01 phosphate buffer (Experi- 
ment 88). 


| 


FREE — 


A: 400 mp = = + 
SATURATION VALUE=} 
COMPOUND I-——> 72 SEC— 
ETHYL HYDROGEN 
PEROXIDE—[JM 6.7 17 33 67 
k3-sec~' 053 053 0.43 0.40 
kg-M7'x sec-!xio-3 25 25 2.0 L8 


Fic. 5. The effect of a variation of initial ethyl hydrogen peroxide concentration 
upon the kinetics of the catalase ethyl hydrogen peroxide compound, 200 um of 


ethanol, 3.4 um of hematin iron horse liver catalase; pH 6.5, 0.01 m phosphate buffer 
(Experiment 88). 


and are more suitable for detailed experiments. Equation 12 has there- 
fore been tested over a wide range of variation of pmax. in order to obtain 
evidence for any difference between the four erythrocyte catalase hematins. 
The constancy of k, at both 405 and 421 my given by Fig. 6 affords no 
indication of any difference in the peroxidatic activity of the catalase 
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Tasre VII 


Velocity Constant for Reaction of Primary Catalase-Methyl Hydrogen Peroride 
Complex and Ethanol Calculated by Equation 12 


3.3 um of hematin iron guinea pig liver catalase; pH 6.7, 0.01 m phosphate, )\ « 
405 (Experiment 123). 


Initial methyl hydrogen concen- 5.8 | | 
tration, uw | 
Initial ethyl alcohol concentration (ao), um 0 200 400 —§ 1000 
Maximum concentration of complex I, us 3.3 3.1 5 eo 
off, SEC | 59 6.2 a 2.4 
ks, ks’, sec. | 0.0 | 0.30 0.43 1.1 
kyao, | 027) 11 
ky, X sec. | 1350 1000 | 1100 
x x 
1000 . 
as 10 
Pmax 
e 


Fic. 6. The relation between pmax/e and ky at 405 (O) and 421 (X) mp. 2% 
um Of hematin iron horse blood catalase, 1 ma of ethanol, and methyl hydrogen per. 
oxide concentrations ranging from 1 to 40 um; pH 6.5, 0.01 m phosphate (Experiment 
156a). 


Tasie VIII 
Comparison of Peroxidatic Activities of Horse Blood and Horse Liver Catalases 


21 wm of methyl hydrogen peroxide, 1 mm of ethanol, pH 6.5, 0.01 m phosphate | 


(Experiment 157a). The extinction coefficients and the number of hematins ar 
based upon the data of Bonnichsen (8S). pmax. = 0.95e. 


| | | | 
Type of catalase ematins | ‘hematin | ‘fot 
: | | iron | | | 
Horse blood.......... | 2.36 10.4 0.90 0.01 | 
ee 0 | 3 2.40 | 10.2 | 0.90 | 0.02 | 8® 


Table VIII shows that the activities of the intact hematins of liver and 
blood catalases are very nearly equal. 


‘ 
f 
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Further tests have been made of a number of highly purified low hema- 
tin catalases prepared by Bonnichsen (8). In these studies, independent 
methods of estimating the concentration and the number of intact hema- 
tins are somewhat involved, and therefore we have evaluated the product 
of Pmx. in recorder scale divisions (proportional to the concentration of 
complex 1) and ton for constant x» and a» (see Equation 12). This 
product is nearly constant in spite of the fact that the amounts of low hema- 
tin catalases (as measured by the optical density at 405 my required to 


x 
T rd l 
5 3 


LOGQ,- 


Fic. 7. The constancy of ky with alcohol concentration and the relative peroxi- 
datic effect of the catalase ethyl hydrogen peroxide compound upon various al- 
cohols. For ethanol and methanol, ky = 2.1 X 10°; for n-propanol, ky = 33 m7 X 
sec.'. 3.4 um of hematin iron horse liver catalase. The ethyl hydrogen peroxide 
concentrations, @ = 33, X = 7, 17, 67, O = 330, 670, 1300, A = 330, and V = 67 
uM; O = 67 um and represents the methanol data. A = 400 mu, pH 6.5, 0.01 m phos- 
phate buffer, temperature 25° (Experiment 88). 


give equal values of Pmax.) were 2 or more times the amount of horse 
blood catalase. ‘This indicates that the presence of bile pigment does not 
reduce the peroxidatic activity of the intact hematin groups. 

A variation of the number of hematins involved in peroxidatic activity 
by partial saturation of the enzyme with substrate or by conversion of 
some of the hematins to biliverdin causes no effect upon the reactivity of 
the remainder. 

Comparison of Effect of Various Alcohols—Fig. 7 shows a comparison of 
the effect of methyl, ethyl, and n-propyl alcohol upon kya» for the ethyl 
hydrogen peroxide complex. The small scatter of the points from the 
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straight lines shows that the mechanism of Equations 3, 4, and 5 is valid 
for the various alcohols over the experimental range of concentrations 
The data for ethanol also include several different values of ethyl hydro. 
gen peroxide concentration. The velocity constants are about twice as 
large as those for catalase hydrogen peroxide (4). However, their rela. 
tive activities are identical; ethyl and methyl alcohols have the same 
rates and the decrease from them to n-propyl alcohol is 59- and 64-fold 


respectively. 


TasLe IX 
Velocity Constants for Reactions of Primary Catalase-Methyl Hydrogen Perorid& 
Complex I with Methanol and n-Propanol (Calculated by Equation 12) 


3.6 um of hematin iron guinea pig liver catalase; k; = 0.012 sec.~', pH 6.7, 0.01 y 
phosphate, A = 405 my (Experiment 125). 


Initial methyl, 2.9 | 2.9 | 2.9 | 29 | 2.9 2.9 29 | 29 
hydrogen 
peroxide, | 
pM | | | 
Alcohol Methanol n-Propanol 
Concentra- 100 400 800 1600 4000 10,000 20,000 
tion (a), | | | 


uM 
concentra- 
tion of | 
complex I, | 
I, um | 
off, 8€C. 6.9 
ky’, sec.~? 0.123 
sec.~ 0.111 
ky, X 110 
sec.~* | 


— 


0.080 0.140 0.27 
0.068 0.128 0.215 


The methyl hydrogen peroxide complex has a corresponding activity 
towards methanol and n-propanol, as the data of Table IX show. The 
value of the velocity constants is very nearly equal to those of the cata- 
lase-hydrogen peroxide complex in the presence of these alcohols. 

The catalase-peroxide complexes have been found to react in a similar 
fashion with formaldehyde and formate, and details of these reactions 
will be published later. 

Effect of Carbon Monoxide on Peroxidatic Activity—-No extensive tests 
of cyanide inhibition have yet been made, but the spectroscopic data 
already given (6) permit the prediction that the cyanide effect will be 
normal competitive inhibition. The effect of carbon monoxide upon the 


ts 
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primary compounds is of especial interest, since an indication of the va- 
lence of the hematin iron is given. Table X shows that there is no forma- 
tion of ferrocatalase carbon monoxide and no inhibition of the activity. 
There is a slight acceleration of the reaction velocity. 

This acceleration of the reaction velocity is probably due to the forma- 
tion of formic acid by hydration of carbon monoxide. The formate pro- 


TaBLe X 
Effect of Carbon Monoxide upon Reaction of Primary Catalase-Methyl Hydrogen 
Peroxide Complex and Ethanol 
2.36 um of horse blood catalase, 24 um of methyl hydrogen peroxide, 1 ma of ethanol; 
pH 6.5, 0.01 m phosphate, A = 405 mu (Experiment 159a). 


Maximum concentration of complex I, um............... 2.1 2.36 
vids 14.2 10.3 
TaBLe XI 
Effect of Carbon Monoxide upon Decomposition of Primary Catalase-Methyl Hydrogen 
Peroride Complex 


2.36 um of hematin iron horse blood catalase, 4.4 um of methyl hydrogen peroxide; 
pH 6.5, 0.01 um phosphate, A = 405 my (Experiment 160). Solutions bubbled with 
CO for § minutes. 


Maximum 
Conditions “fon | | 
complex I 
pM sec. sec.~* aM 
(2) No CO 2.36 190 0.010 0 
(6) CO bubbled through methyl hydro- | 2.10 107 0.018 8 
gen peroxide solution only 
(ec) CO bubbled through both catalase 2.2 15.2 0.131 120 
and methyl hydrogen peroxide 
solutions | 


duced in this manner may react with catalase-methyl hydrogen peroxide 
complex (see above). The data of Table XI support and amplify this 
explanation. The value of k; is increased somewhat when carbon monox- 
ide is bubbled through the substrate only. This may be due to formic 
acid entrained in the carbon monoxide vapor, to formic acid formed from 
carbon monoxide, or to the formation of some formic acid upon mixing 
carbon monoxide with catalase in the capillary of the flow apparatus. In 


‘ 
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any case, the dramatic increase of k; after bubbling carbon monoxide 
through catalase can only be due to the formation of much more acceptor 
than formed in the absence of catalase. When a value of ky = 1000 yr? 
xX sec. is used for the acceptor formed, its molar concentrations are 
listed as dp. These are believed to be the concentrations of formate pres. 
ent in the solutions. In condition (c), the final concentration of formate js 
about 12 per cent of the carbon monoxide concentration. 

Inhibition of Peroxidatic Activity by Formation of Secondary Compound— 
The spectroscopic cycles presented up to this point represent conditions in 
which a negligible amount of compound II is formed. In order to increase 
the formation of compound II and to test the activity of mixtures of | 
compounds I and II, a slightly different technique was used. The rapid 
flow apparatus was replaced by an open 1.33 cm. cuvette so that repeated 
additions of substrate to the same very dilute enzyme solution could be 
made. 

The general relations between the kinetics of compounds I and II are 
given by the recordings of Fig. 8, obtained at both 400 and 435 my bys 
repetition of the experiment. At a and a’, 100 ue of ethanol were added. 
The momentary density change is due to stirring the solution. At } 
and b’ and ¢ and c’, 1.65 um additions of methyl hydrogen peroxide were 
made. 

At 400 my compound I is seen to form and to decompose in the presence 
of ethanol. At the end of the reaction, however, some of the enzyme | 
has been converted into compound II and does not decompose. The © 
formation of this amount of compound II is recorded at 435 my. The 
delay in the formation of compound II on the first addition of methy! 
hydrogen peroxide is clearly shown, as is the accumulation of compound 
II during the kinetics of compound I. 

The data of Table XII summarize a series of such experiments in whieh 
successive additions of methyl hydrogen peroxide were made, causing the 
concentration of compound IT at the end of the cycles of compound I to 
increase from 17 to 82 per cent. The activity of that amount of com- 
pound I which formed during each successive cycle was evaluated by Equa- 
tion 12 and was found to be nearly constant, in spite of the presence of 
the various amounts of compound IT. ) 

These data show that (1) the enzymatic activity is inhibited by the 
formation of compound II; (2) the contribution of compound II to the 
total activity is less than the experimental error; compound IT is inactive; 
(3) the activity of the portion of the catalase not bound as compound II 
is not reduced by the presence of a large amount of compound II. | 

Properties of Secondary Compleres—Table XIII shows data on the slow 
formation and decomposition of the secondary complexes in dilute catalase — 
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solutions. These kinetics were measured in an open cuvette, as in the 
experiments recorded in Table XII. Here a wave-length of 435 my was 
used to record only the concentration of complex II. In the absence of 
ethanol, single additions of peroxide to such dilute catalase solutions gave 
saturation values of complex II. After a steady state period, these com- 


plexes decompose, releasing free catalase. If the velocity constants for the 
formation of the complexes are calculated according to the second order 
equation (which is not strictly justifiable, as previously shown), maximum 
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COMPOUND I 
Fic, 8. Comparison of the kinetics of catalase methyl hydrogen peroxides I and 
II at 400 and 435 mu. These two separate experiments were carried out in an open 
cuvette 1.33 cm. in depth. 100 um of ethanol are added at a and a’ and 1.65 uo of 
methyl hydrogen peroxide at b and b’ and atc andc’. The sharp spike indicates the 
moment of mixing. 0.35 um of hematin iron horse liver cataiase (Experiment 142). 


values of the dissociation constants (ks/kr) are calculated. These maxi- 
mum values are of the same order of magnitude as the dissociation con- 
stants of the primary complexes, and the true values are probably about 
equal. This indicates that complex I can be nearly quantitatively con- 
verted into complex II in the absence of an acceptor, and under these 
conditions marked inhibition of catalase activity will be obtained. 

The formation of complex II was repeated and then ethanol was added. 
While the decomposition of the secondary complexes is accelerated, the 
reaction velocity of complex II with ethanol computed as ky is about 100,000 
times smaller than that of complex I; in fact, the accelerated decompo- 


sec 
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sition of complex II in the presence of ethanol is probably due to the reag. 
tion of ethanol with a small amount of complex I in equilibrium with 


TaBLe XII 
Activity of Primary Catalase-Methyl Hydrogen Peroride Compler in Presence of 
Varying Amounts of Secondary Catalase-Methyl Hydrogen Peroride Complex 


200 wm of ethanol, 0.35 um of hematin iron horse liver catalase; pH 6.7, 0.01 y 
phosphate, \ = 400 my, 1.33 em. cuvettes (Experiment 142a). 


Concentration of | 1.65 | 1.65) 1.65 | 1.65 1.65 1.65 3.30 1.65 
methyl hydro- 
gen peroxide 
added, um 

Maximum con- | 0.20| 0.20) 0.18 | 0.17) 0.15; 0.17| 0.10) 0.07% 
centration of 


complex I, um 

Concentration of | 0. 0. 0.13 | 0.16; 0.18; 0.21 0.25 | 0.27 
complex II at 
completion of 
cycle of com- 
pound I, us 

Concentration of | 0. 
complex I con- 
verted to com- 
plex II during 
cycle of com- 
plex I, um 

Maximum % of | 60 60 55 52 45 36 30 24 
enzyme concen- 
tration in form 
of complex I 
during cycle 

% enzyme con- | 17 27 39 48 54 64 75 82 
centration in 
form of com- 
plex II after 
completion of 
cycle of com- 
plex I 

tt on for cycle of | 44 61 54 54 57 59 139 92 
complex I, sec. 

ka, X sec. 940 (680 ‘850 900 960 1200 1200 1200 


0.029, 0.039; 0.029) 0.024) 0.034, 0.039, 0.015 


complex II, and complex II has negligible peroxidatic activity (see Chance 
(9)). 

Effect of pH upon Peroxidatic Activity of Catalase—The initial activity 
of catalase in the destruction of hydrogen peroxide is not decreased in 
acid solutions up to pH 3.5 (10), and Table XIV shows that the perox- 
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TaBLe XIII 


Kinetics of Formation and Disappearance of Secondary Alkyl-Hydrogen Peroride 
Complezes in Dilute Catalase Solutions 


} = 435 my, pH 7.0, 0.01 m phosphate buffer (Experiment 148). 
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Concentration of catalase hematin iron, uw | 0.35 0.53 
Concentration of alkyl hydrogen peroxide | Methyl hydrogen’ Ethyl hydrogen 
added, uM peroxide, 1.65 peroxide, 15.6 
Half time for formation of complex II, sec. | 1330 420 
Reaction velocity constant for formation | 320 110 
(ky) calculated as 2nd order reaction, w~ 
X 
Half time for decomposition of complex II, | 1.8 & 104 3 X 10° 
sec. 
Reaction velocity constant for decomposi- | 5 X 10° 2.3 X 10“ 
tion (ks) calculated as Ist order reaction, 
Dissociation constant of complex II (ks/kr), | 0.12 * 10-* 2.0 X 10°* 
Half time for decomposition of complex II | 460 80 
in presence of ethanol, sec. 
Concentration of ethanol added, mu 400 170 
Reaction velocity constant for decomposi- | 3.8 X 107% 5.3 X 1073 
tion in presence of alcohol divided by al- 
cohol concentration, ky, X sec.~ 
TaBLe XIV 


Effect of pH upon Activity of Catalase Methyl Hydrogen Peroxide with Ethanol 
0.46 um of hematin iron horse blood catalase, 16 um of methyl hydrogen peroxide, 


2 mu of ethanol (Experiment 294b). 


3.68 
0.001 (Phos- 
phate) 


Maximum concentration of 26 
complex I, p, = e = 40,A\ = 
405 my, recorder divisions 
ty ott, 26 
ky’, 2.0 
Complex II, p,;,; =e = 30 divisions, 15 


\ = 435 my, recorder divisions 


aOH) 
35 30 
17 27 
2.3 1.8 
5 


* Ensyme-substrate compound does not form and optical density of the Soret 


band slowly decreases. 


datic activity is not decreased at pH 3.65 compared with that at pH 7.0. 
In the latter experiments, the activity was determined from the kinetics 
of complex I and was calculated according to Equation 12. 


| 
we 
| 
vity 
1 


. 1362 CATALASE PEROXIDES. KINETICS 


In addition, no appreciable change in the rate of formation (k,) or 
breakdown (k;) of the primary catalase-peroxide complexes was observed 
in these experiments. 

The lack of pH effect in the hydrogen peroxide reaction at pH greater 
than 3.8 (10) may be explained by Equation 16 


Cat(OH), + HOOH Cat(OH),OOH + H,0 (16) 
2 


with the same arguments as in the case of catalase cyanide (11). Down 
to pH 3.8, catalase is mainly in the form of the hydroxide compound, and 
hydrogen peroxide is mainly in the form of the undissociated molecule 
(K = 1.55 & 10-" (12)). On increasing the pH, the free catalase concen- 
tration decreases as rapidly as the peroxide ion concentration is increasing, 
and there is no effect of pH upon the dissociation constant between 3.8 
< pH < 11.8. Above pH 8.8, however, changes in catalase probably 
occur (see the paragraph below). The alkyl hydrogen peroxides are also 
weak acids (pK ~ 11 for methyl hydrogen peroxide®) and the combination 
of catalase and alkyl hydrogen peroxide is written 


Cat(OH), + 4 HOOR Cat(OOR), + a7) 


The experiments show, however, no measurable decrease of activity 
at pH 3.65, at which the hydroxy] group is dissociated from catalase. A 
similar effect has been observed in peroxidase when the hydroxyl group 
is dissociated without loss of activity (13). In acid solutions, the value of 
kz would be expected to increase greatly owing to the reaction of hydrogen 
ions with the peroxide complex. In the case of catalase, the pH cannot be 
decreased much below the pK of the hydroxyl group (3.8) without dena- 
turation of catalase protein. Thus only a relatively small increase of 4 
would be obtained and would not affect the properties of catalase as meas- 
ured in the activity test where kj > > k, and Ky = (ke + ks)/ki. In the 
case of horseradish peroxidase, the corresponding pK = 5.0, and more 
complete data have been obtained and are discussed later (14). 

In alkaline solutions, there is a decrease of activity at pH 8.8 and 4 
complgte loss of activity below pH 11. Below pH 11, the catalase-per- 
oxide complex does not form, and the enzyme is slowly destroyed. 
Catalase, as contrasted with peroxidase, has no alkaline form; yet the 
loss of activity of catalase and peroxidase in alkaline solutions is due 
to the same reason: neither can form a peroxide complex (14). In perox- 
idase, the change of spectrum indicates a change of a heme linkage. Al- 


* Unpublished data. 
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though catalase shows no measurable spectral shift, a change of heme 
linkage in alkaline solutions is possible. 

The records of Fig. 9 were obtained by the addition of methyl hydrogen 
peroxide to a catalase solution contained in an open cuvette, as in the case 
of Fig. 8. These data show that the conversion from complex I to inac- 
tive complex II proceeds 3 times as fast at pH 3.5 as at pH 7.0. Thus 
activity tests which do not take into account the increased formation of 
complex II in acid solutions give too low an activity. The more rapid 
inactivation of catalase in the presence of hydrogen peroxide in acid solu- 


A B 
72 sec 72sec 
A= 435mp 
FREE CATALASE | 
METHYL 
HYDROGEN PEROXIDE (uM) 80 80 
pH 3.5 7.0 


Fic. 9. The increase of the rate of formation of the secondary catalase-methyl 
hydrogen peroxide complex in acid solutions. Curve A, pH 3.5, 0.001 m phosphate; 
Curve B, pH 7.0, 0.01 m phosphate buffer. 0.24 um of hematin iron horse blood 
catalase, 80 um of methyl hydrogen peroxide, 435 mu (Experiment 258). The experi- 
mental technique is the same as that used in Fig. 8. 


tions caused by the more rapid formation of catalase hydrogen peroxide 
II has recently been observed (15). 


DISCUSSION 


Since dilute solutions of the alkyl hydrogen peroxides and their reaction 
products give very little absorption in the visible or ultraviolet region, and 
the polarographic technique used elsewhere (16) is apparently insensitive 
to the alkyl hydrogen peroxides, and the titration of 5 to 50 um of peroxide 
is not possible with ordinary methods, the rate of decomposition of the 
dilute alkyl hydrogen peroxides by catalase has been calculated from the 
kinetics of compound I in a manner previously proved valid for peroxidase 


a | 
ne 
e 
X- 


1364 CATALASE PEROXIDES. KINETICS 


and leucomalachite green (5) and recently shown to be valid over a wide 
range for the system peroxidase-hydrogen peroxide-ascorbie acid (17), 
This method of calculation of the activity is valid for an enzyme-substrate 
compound that obeys the Michaelis theory. 

Spontaneous Decomposition of Complexes—Both of the primary catalase 
alkyl hydrogen peroxides decompose spontaneously, and the kinetics of 
these reactions are governed by the concentration of the primary com. 
pound in accord with the Michaelis theory. 

The spontaneous breakdown of the primary complexes is very slow and 
does not increase appreciably with the alkyl hydrogen peroxide concentra- 
tion. This is not, therefore, the catalatic reaction by which catalase de- 
stroys hydrogen peroxide so rapidly. The velocity constant is about 
the same as that for the slow breakdown of horseradish and lactoperoxidase 
peroxides (5, 18) or catalase hydrogen peroxide (4). 

Although spontaneous decomposition is a common property of the hem- 
atin peroxide compounds (methemoglobin, horseradish peroxidase, lacto- 
peroxidase, etc.), there is not much known about the exact mechanism of 
this reaction. Keilin and Hartree (19) have clearly shown that no oxygen 
is evolved in the spontaneous decomposition of strong solutions of methe- 
moglobin and hydrogen peroxide, or ethyl hydrogen peroxide; therefore a 
peroxidatic reaction is involved. The nature of the acceptor in such a 
reaction is unknown. 

Reactions of Catalase-Peroride Complexes with Alcohol—The reactions 
of the primary catalase-alkyl hydrogen peroxide complexes with alcohols 
now provide the second example of true Michaelis intermediate com- 
pounds, for their concentration accurately determines the rate of alcohol 
oxidation by catalase. The catalase complexes actually provide a simpler 
example of a Michaelis intermediate than do the peroxidase complexes (5). 
In catalase kinetics, the reaction of the primary complexes with the ac- 
ceptor is usually the rate-determining step, while, in peroxidase kinetics, 
the reaction of the secondary complexes with the acceptor is usually the 
rate-determining step (17, 18). 

With ethyl and methyl alcohol as acceptors, the Michaelis theory com- 
pletely explains the activity of the primary catalase alkyl hydrogen perox- 
ides over a wider range of enzyme, substrate, and acceptor concentrations 
than had previously been possible with peroxidase, hydrogen peroxide, 
and ascorbic acid (5). New techniques (17) have considerably extended 
the range of the tests with peroxidase. 

Since the value of /, for the catalase alkyl hydrogen peroxides represents 
the reaction velocity of each of the three or four independent catalase 
hematin peroxide complexes with alcohol, these values are directly com- 
parable with those obtained for the reaction of catalase hydrogen perox- 
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ide with alcohols, provided the mechanisms employed in these calculations 
have accounted for all experimental factors. The total turnover of alco- 
hol with catalase alkvl hydrogen peroxides is, of course, 3 or 4 times that 
obtained with catalase hydrogen peroxide, depending upon the number of 
intact hematins in the catalase used. 

The values of /y for the reactions of catalase hydrogen peroxide and 
catalase methyl hydrogen peroxide with alcohols are about the same, in 
accordance with studies of horseradish peroxidase. Thus the alkyl sub- 
stituent of the peroxide group does not interfere with the reaction with the 
acceptor. In fact, the values of ky obtained for catalase ethyl hydrogen 
peroxide are greater than those for the hydrogen peroxide complex. 

The saturation effects shown clearly in the kinetics of oxidation of alco- 
hols by catalase hydrogen peroxide (4) have not been demonstrated here, 
and it is not known whether such a saturation effect exists in these re- 
actions. 

There is no correlation between the ability of acceptors to replace the 
heme-linked hydroxyl group of catalase (10) and their reactivity with the 
catalase-peroxide complex. Catalase has a relatively high affinity for 
formate compared with methanol; yet these 2 molecules are oxidized at 
about the same speed by catalase peroxides. Furthermore, formate is the 
only one of nine anion inhibitors which is oxidized. Catalase acceptors 
need not be anions and need not replace the heme-linked hydroxyl group 
of Agner and Theorell (10). 

Reaction Products—According to the discussion above, the kinetics of 
the spontaneous decomposition of the catalase-alkyl hydrogen peroxide 
complexes according to Equation 4 is not a “catalatic” reaction of the 


type 
2C,H,OOH — 2C,H,OH + O; (18) 


Chemical data support this view, since no oxygen is evolved in this reac- 
tion (1, 3). Thus Equation 4 may follow this course 


C,H,OOH — CH,CHO + H,0 (19) 


Both Stern (1) and Keilin and Hartree (3) have obtained qualitative 
tests for aldehyde formation in the reaction of catalase, ethyl hydrogen 
peroxide, and ethanol according to Equation 3. Ethanol was probably 
present in Stern’s experiments (see Chance (9)). Since no oxygen is 
evolved, the ethyl hydrogen peroxide is probably reduced to ethanol, and 
the acetaldehyde is produced by oxidation of ethanol. The catalytic 
— of diethyl peroxide gives acetaldehyde and probably alco- 

(20). 
Although it was not known at the time, the oxidation that Keilin and 
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Hartree (3) obtained with BaO, was due to catalase hydrogen peroxide 
and that with ethyl hydrogen peroxide was due to catalase ethyl hydrogen 
peroxide I. No evidence has been found to support Keilin’s statement 
that ethyl hydrogen peroxide (or indeed methyl hydrogen peroxide) 
decomposes into hydrogen peroxide; our solutions are stable for months, 
and any hydrogen peroxide formed would be immediately detected by the 
formation of catalase hydrogen peroxide (6). 

There are three unusual types of reactions that can occur in the oxida- 
tion of alcohols by the catalase-alkyl hydrogen peroxide complexes accord- 
ing to Equation 5. 

First, the reduction of the alkyl hydrogen peroxide molecule bound to 
catalase hematin probably gives an alcohol which replaces the alcohol 
molecule oxidized to aldehyde. In the following equation, 


Cat(OOCGH,). + 4C:H,0H Cat(OH), + + 4CH,CHO (a) 


the concentration of ethanol is constant at its initial value. Thus the 
value of k,, calculated on the basis of the initial ethanol concentration, 
will be correct even when the ethyl hydrogen peroxide concentration is 
about equal to the ethanol concentration, as shown in Fig. 4. A small 
initial amount of ethanol present in the ethyl hydrogen peroxide solu- 
tion could maintain a constant reaction velocity while all the ethyl hy- 
drogen peroxide is being decomposed (9). Thus this reaction is anal- 
ogous to the cyclic oxidations of Keilin and Hartree (3). 

Second, the alcohol formed from the alkyl hydrogen peroxide can be 
more reactive than the alcohol used as an acceptor; then the reaction 
velocity will increase during the reaction. In Fig. 7, the reaction velocity 
is relatively higher with a small initial concentration of n-propanol than 
with the higher concentrations. This effect is also seen in the values of 
k, given in Table IX. 

Third, the oxidation product of the acceptor can be an acceptor. In 
separate experiments (15), evidence has been obtained for the formation 
of formaldehyde from methanol and formic acid from formaldehyde, all 
of which react rapidly with catalase peroxides. In the reaction, 


Cat(OOCH;), + 4CH,OH —“*+ Cat(OH), + 4CH,OH + 4CH.(OH), (20 


the total concentration of acceptor increases, and the reaction would be 
autocatalytic. But no effect is observed in Table II, because the initial 
methanol concentration is much larger than the methyl hydrogen perox- 
ide concentration. The initial methyl hydrogen peroxide concentration 
required to produce enough formaldehyde to double the rate found 1 
Table II is so large that much of compound I would be converted to com- 
pound II before the reaction was complete. 
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Accessibility of Catalase Hematin—The reaction velocity of catalase with 
peroxides decreases 30-fold from hydrogen peroxide to methyl hydrogen 
peroxide and a further 50-fold from methyl to ethyl hydrogen peroxide, 
whereas no comparable decreases are observed in the reactions of horse- 
radish and lactoperoxidase with these peroxides (18,19). Although ethanol, 
methanol, formaldehyde, and formate react with catalase peroxides at 
about the same rate, larger molecules react much more slowly; the de- 
crease of reaction velocity with n-propanol is 60-fold.?. These steric ef- 
fects are due to the catalase protein and not to the hemin, since horseradish 
and lactoperoxidase hematin reacts rapidly with large substrate and ac- 
ceptor molecules. Because of the sensitivity of hematin to hydrogen 
peroxide and the irreversibility of the catalase-splitting experiments, Gran- 
ick (21) has suggested that the whole hematin group is well hidden by the 
catalase protein. ‘These data provide some experimental support for 
Granick’s views. 


SUMMARY® 


1. The primary compounds of catalase with methyl or ethyl hydrogen 
peroxide are formed by the bimolecular combination of all the catalase 
hematins with the alkyl hydrogen peroxides. The reaction velocity con- 
stants increase with decreasing size of the alkyl hydrogen peroxide, 2 
x 10‘ mw &X sec.~' for catalase ethyl hydrogen peroxide I and 0.85 x 
10° m~' X sec.~' for catalase methyl hydrogen peroxide I and are con- 
siderably less than the velocity of the formation of catalase hydrogen 
peroxide (3 & 10’ m7 see.~). 

2. The secondary compounds do not form until an appreciable amount of 
the primary compound has formed. They are not, however, formed in a 
simple monomolecular conversion from the primary to the secondary 
compounds; the velocity of the formation of the secondary compounds in- 
creases with the alkyl hydrogen peroxide concentration, but not enough 
to follow a second order equation. 

3. Both primary compounds decompose spontaneously into free catalase 
at about the same rate as horseradish peroxidase hydrogen peroxide or 
catalase hydrogen peroxide. The velocity constant for catalase methyl 
hydrogen peroxide I is 0.016 sec.~' and for catalase ethyl hydrogen perox- 
ide I 0.04 sec.-'. Both these velocity constants can be measured in such 
dilute alkyl hydrogen peroxide that alcohol present in the alkyl hydrogen 
peroxide would make a negligible contribution to the reaction velocity. 


’ The decrease of reaction velocity is much greater than that due to the decreased 
number of collisions of the larger molecules with the catalase hematin, since the 
collision number varies inversely as the square root of the molecular weight. 


*The velocity constants given in this summary were obtained at temperatures 
between 25-30°. 
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4. The Michaelis theory accounts for the kinetics of the spontaneous 
decomposition of the primary compounds. On the basis of kinetic data, 
the Michaelis constant for catalase methyl hydrogen peroxide I is 2 x 
10-° m and 2 X 10°* nm for catalase ethyl hydrogen peroxide I. Steady 
state equilibrium measurements give 1 X 1077 and 3 M respectively, 
The affinity of catalase for methyl! hydrogen peroxide is about the same as 
that of horseradish peroxidase for hydrogen peroxide. 

5. The secondary compounds decompose very slowly in dilute alky! 
hydrogen peroxide solutions; the velocity constants are about 4 X 10" 
sec. and 2.3 X 10~‘ sec.~' for the methyl hydrogen peroxide and ethyl 
hydrogen peroxide compounds respectively. On the basis of kinetic data, 
the equilibrium constants of the corresponding secondary compounds 
are 1.2 X 1077 and 2.0 & 10-* Mm, values which are very nearly equal to 
those of the primary compounds. ‘The secondary compounds can, there- 
fore, be inhibitors of the activity of the primary compounds. 

6. The primary compounds react peroxidatically towards alcohols. 
Catalase ethyl hydrogen peroxide I is responsible for the oxidation of 
ethanol to acetaldehyde qualitatively measured by Keilin and Hartree (3), 

7. Catalase ethyl hydrogen peroxide I reacts with methyl, ethyl, and 
n-propyl alcohols at rates which are somewhat larger (2100, 2100, and 
33 m~ X sec.~! respectively) than the corresponding reactions of catalase 
hydrogen peroxide. The relative activities of the two enzyme-substrate 
compounds towards the three alcohols is the same. Catalase methyl 
hydrogen peroxide I reacts with ethanol, methanol, and n-propanol at 
approximately the same rates as does the hydrogen peroxide complex. 
The catalase-peroxide complexes also oxidize formaldehyde (probably as 
methylene glycol) and formate. The substituent attached to the perox- 
ide group has very little effect upon the activity or the specificity of cata- 
lase towards alcohols. 

8. The reaction kinetics of both primary compounds obey the extended 
Michaelis theory for the peroxidatic activities over a wide range of alkyl 
hydrogen peroxide and ethanol concentrations. These compounds fur- 
nish the second and third examples of enzyme-substrate compounds which 
have been studied directly and which have been proved to follow the 
Michaelis theory. 

9. The reaction velocity constants for the formation of the primary 
compounds and for their reactions with ethanol are unaffected by a change 
in the degree of saturation of the catalase-alkyl hydrogen peroxide com- 
plexes, and it is concluded that the intact catalase hematins have identical 
reactivities. The total peroxidatic activity of liver and blood catalases 
is proportional to the number of intact hematin groups per catalase mole- 
cule. 
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10. The peroxidatic activity of catalase is not decreased on changing the 
pH from 7.0 to 3.65, and the combination of catalase and alkyl hydrogen 
peroxides follows the equation, 


Cat(OH), + 4HOOR Cat(OOR), + 4H,0 


in the range 3.8 < pH < 9. Below pH 11 catalase loses its ability to 
form the peroxide complexes and is therefore inactive. 

11. At pH] 3.5, the velocity of formation of the secondary complexes is 
several times as rapid as at pH 7.0 and explains the greater inactivation 
of catalase in acid solutions. 

12. The peroxidatic activity of the secondary compounds is negligible 
in dilute solutions. The total peroxidatiec activity of catalase is inhibited 
by the formation of compound IT, but the activity of that portion of cata- 
lase in the form of compound I is constant. 

13. Both the formation of the catalase peroxides and their reactivities 
towards alcohols increase with decreasing size of the peroxide and the 
alcohol molecules. It is concluded that the alcohols attach to or near to 
the hematin peroxide group and that the iron atom of catalase hematin is 
not readily accessible to large molecules. 
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Note Added in Proof—The recent confirmation of the conversion of carbon mon- 
oxide to carbon dioxide in the intact animal (Clark, R. T., Stannard, J. N., and Fenn, 
W.0., Science, 109, 615 (1949)) leads us to suggest that the production of formate from 
carbon monoxide and its oxidation to carbon dioxide in the presence of catalase and 
peroxides provide a possible biochemical explanation for their results. 
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THE ENZYMATIC EQUILIBRIA OF 
PHOSPHO(ENOL)PYRUVATE* 
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Phospho(enol pyruvate, which was discovered by Lohmann and Meyer- 
hof in 1934 (1), forms enzymatic equilibria both with phosphoglyceric 
acid and with pyruvate and ATP. 
p-3-Phosphoglyceric acid — p-2-phosphoglyceric acid (1) 

phosphopyruvie acid + H,0 


Phosphopyruvie acid + ADP = pyruvic acid + ATP (2) 


The reversibility of reaction (2) was discovered by Lardy and Ziegler (2), 
who showed that the failure of Meyerhof et al. (3) to demonstrate the back- 
reaction with P® was due to the absence of K ion. In the meantime it had 
been found by Boyer et al. (4) that K ion is indispensable for the trans- 
phosphorylation of phosphopyruvate with ADP. 

We have confirmed the results of Lardy and Ziegler, and have deter- 
mined the equilibrium constant of reaction (2). Lardy’s mixture of tri- 
ose phosphate, ATP’, cozymase, inorganic phosphate, and phosphopyruvate 
or pyruvate, in the presence of dialyzed acetone powder extract of muscle 
can be used only for a demonstration of the reversibility of reaction (2), 
with or without P®. It does not, however, allow one to calculate the equi- 
librium constant, as has been erroneously assumed by some authors. If 
phosphopyruvate is synthesized from pyruvate by the ATP which forms 
continuously in the ‘‘coupling reaction” of glycolysis, the amounts formed 
depend on the time of reaction and the affinities of the various reactants 
in a complicated way; in particular, the relation of phosphopyruvate to 
pyruvate cannot be used for a calculation of the equilibrium constant. 

A determination of the equilibrium constant is only possible when the 
isolated reaction (2) is studied. In preliminary experiments we have used 
pyruvate labeled with C'* and measured the speed with which non-radio- 
active phosphopyruvate takes up C' in the presence of dialyzed acetone 


* This work was aided by grants from the Division of Research Grants and Fel- 
lowships of the National Institutes of Health, United States Public Health Service; 
the American Cancer Society, recommended by the Committee on Growth of the Na- 
tional Research Council; and the Rockefeller Foundation. 

‘ATP = adenosine triphosphate; ADP = adenosine diphosphate. 
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powder extract of muscle. This has been compared with the speed of the 
back-reaction with the same extract. With this method only the order of 
magnitude of K, but no final values, could be obtained. We therefor 
purified the specific transphosphorylase responsible for reaction (2) untij 
the interfering enzymes were removed and measured the K directly by 
determining the concentration of all reactants in the state of equilibrium, 
This necessitates the determination of very small amounts of phospho- 
pyruvate and ADP in the presence of a large excess of pyruvate and ATP, 
Adequate methods to accomplish this are described below, and the final 
K values obtained are reported. It was also necessary to redetermine the 
equilibria of reaction (1) for an evaluation of the energy difference of the 
phosphate bonds in phosphoglycerate, phosphopyruvate, and ATP, and 


for comparison with the known data of the literature (5, 6). The value — 


for the equilibrium of enolase 
H,O + phosphopyruvate = 2-phosphoglyceric acid 


found by Warburg and Christian (7) with pure enolase was appreciably at 
variance with that described earlier (8-10). 

Our present value confirms those found formerly. The energy differ. 
ences for all the compounds in the reaction sequence (reactions (1) and 
(2) above) now seem clearly established. 


Materials and Methods 


ATP was prepared by the method of Kerr (11). After the first pre 
cipitation with barium acetate and alcohol, the material was thrice re 
dissolved in HCl and reprecipitated with barium acetate alone (pH 4.5). 
The ATP was routinely analyzed by measuring the ratio of 7 minute P 
to total P and also with hexokinase (cf. Kielley and Meyerhof (12)), but 
it was found that the ADP content in ATP was best determined by allov- 
ing a large quantity of the ATP to react with an excess of phosphopyruvate 
in the presence of the transphosphorylating enzyme of reaction (2), pre 
pared according to Kubowitz and Ott (13). The decrease in phospho 
pyruvate is equal to the ADP originally present. (Since the equilibrium 
lies far to the side of ATP and pyruvate, the reaction is complete.) The 
ATP preparations contained 2 to 10 per cent ADP (based on 7 minute P; 
the mole fraction of ADP is nearly twice as great). 

ADP was prepared from ATP by means of purified myosin from rt 
muscle. When the ATP had been completely split to ADP, the myosit 
was removed with trichloroacetic acid, and the ADP precipitated at pH / 
with barium acetate and 2 volumes of alcohol. The inorganic P was I 
moved by dissolving the ADP in HCl, precipitating the barium with 8 
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dium sulfate, adding a quantity of magnesia mixture equivalent to the in- 
organic phosphate, and making the solution alkaline with ammonia. After 
removal of the precipitate, the ADP was recovered as the magnesium salt 
by adding more magnesia and 4 volumes of methyl alcohol. The mag- 
nesium salt was redissolved in dilute acid, barium acetate added, and the 
barium salt precipitated at pH 5.5 with 2 volumes of ethyl alcohol. In 
this way it is possible to prepare a barium salt of ADP nearly free of in- 
organic phosphate. The ADP was analyzed by measuring the ratio of 
7 minute P to total P, which was 0.502. ADP was also tested with hexo- 
kinase. 

The p-3-phosphoglycerate was an acid barium salt prepared from yeast 
maceration juice and recrystallized several times. It had an [a], of the 
free acid in N HCl equal to —13.2°. This rotation, which is 9 per cent lower 
than the highest rotation formerly found (—14.5°), is not due to partial 
racemization, because the sample was 100 per cent fermentable, but is 
probably due to a small admixture (3 per cent) of p-2-phosphoglycerie acid. 
We have assumed this in calculating our experiments. 

Phosphopyruvate was a synthetic preparation of the barium salt made 
according to Kiessling (14) about 10 years ago. Free pyruvate and in- 
organic phosphate were removed by the same procedure as that used for 
ADP. 9 gm. of the original phosphopyruvate yielded 5.8 gm. of the puri- 
fied salt, free of inorganic phosphate and pyruvate, and contained 5.0 per 
cent of organic P, of which 4.8 per cent was split by iodine (96 per cent 
pure). 

The phosphate was determined according to the routine method of our 
laboratory, based on Lohmann and Jendrassik’s modification (15) of the 
method of Fiske and Subbarow (16). 

Phosphopyruvate was determined by a modification of the method of 
Lohmann and Meyerhof (1). A slight excess of 0.1 N iodine was added to 
the sample, and enough 2 N NaOH added to remove the iodine color 
After 2 minutes, the solution was neutralized with HCI; the treatment with 
NaOH and HC! was repeated twice, and the iodine was finally reduced with 
bisulfite. The iodoform was centrifuged off. This procedure, involving 
only a short period of alkalinity, splits phosphopyruvate P quantitatively, 
without decomposing even a trace of ATP Phosphopyruvate was also 
determined by the mercuric chloride method (see (1)), and the results were 
the same as those obtained by the iodine method. 

Sodium pyruvate was prepared by the method described by Lardy (17) 
and was recrystallized from aqueous alcohol.? 

Pyruvate was analyzed by Procedure B of Friedemann and Haugen 


*We thank Dr. J. M. Buchanan of this department for the sample of pyruvate 
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(18) with an Evelyn colorimeter; the readings were made in tubes contain. 
ing 10 cc. solution with about 20 y of pyruvate. 

Radioactive pyruvate, labeled with C’* in the a and 8 positions, was pre. 
pared by the method of Anker (19).! 

The activities of the pyruvate and phosphopyruvate were determined 
as follows: The phosphopyruvate was precipitated as the barium salt at 


pH 8, with 2 volumes of alcohol. The barium salt was redissolved in acid, — 


non-radioactive pyruvate was added, and the barium salt reprecipitated 
and dried. Since pyruvate does not precipitate under these conditions, 
the two precipitations serve to give a product free of contamination by the 
radioactive pyruvate originally present in the incubation mixture. This 
point was established by pyruvate analyses at each step; only 0.3 to 0.5 per 
cent of the final phosphopyruvate samples consisted of the initially active 
pyruvate, although 1 to 2 per cent of inert free pyruvate was present. 

Both pyruvate and phosphopyruvate were converted into iodoform with 
iodine and alkali. This prevents contamination by carbon from any com- 
pounds (especially ATP) which do not form iodoform. The iodoform was 
burned to CO, by the method of Van Slyke and Folch (20), and the C0, 
was collected in barium hydroxide to give barium carbonate, which was 
spread on plates for the radioactivity measurements. 

Acetone powder from muscle extract was prepared as previously de- 
scribed (21). It was rubbed up with water and dialyzed for 5 days to re- 
move coenzymes. This preparation was used for the radioactive exchange 
experiments and for some of the preliminary equilibrium studies with non- 


radioactive materials. However, it is unsatisfactory for equilibrium meas- — 


urements because it contains an adenylic acid transphosphorylase, which 
catalyzes the reaction 


Adenylic acid + phosphopyruvate = ADP + pyruvate (3) 


The equilibrium studies, therefore, were carried out with the purified 
enzyme described by Kubowitz and Ott (13). We started with rabbit 
muscle and carried the purification through the sixth step. The excess 
salmine was removed by adsorption with Al(OH); (cf. Warburg and 
Christian (22)). The enzyme was preserved in half saturated ammonium 
sulfate, and the inorganic phosphate was removed by dialysis against } 
saturated ammonium sulfate. The resulting preparation is free of the 
adenylic acid enzyme, and practically free of enolase (we added fluoride to 
all our reaction mixtures, however), but it still contains some myokinase. 
Since the ratio of ATP to ADP at equilibrium is always at least 5:1, and 


* We thank Dr. Samuel Gurin of this department, and his collaborators, for the 
preparation of the radioactive pyruvate and the measurement of the activity of the 
samples. 
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frequently much higher, the presence of myokinase is not serious, since 
only small amounts of the ADP can be converted to adenylic acid. Our 
equilibrium constants are all given twice, once on the assumption that the 
myokinase reaction has not taken place at all, and again, on the assump- 
tion that the myokinase reaction has gone to completion. The difference 
between the two figures averages about 15 per cent. 


Results 


Equilibrium with Radioactive Pyruvate—When phosphopyruvate and py- 
ruvate are mixed in a molar ratio of about 2:1, and a relatively small 
amount of ATP added, along with a large excess of transphosphorylase 


@ 


EQUILIBRIUM 


% of 
oO 


30 60 90 MINS. 90x2 


Fig. 1. Uptake of C'* by phosphopyruvate from radioactive pyruvate + ATP. 
Temperature of incubation, 38°. The last point is obtained by incubating for 90 
minutes with a double amount of enzyme (8 ml. instead of 4 ml.). The equilibrium 
is defined as the equal distribution of C“ in the pyruvic group of free pyruvate and 
phosphopyruvate. The enzymatic mixture for each point consists of 11 mg. of 
radioactive pyruvic acid (neutralized), phosphopyruvate containing 19.4 mg. of 
pyruvic acid, and 6.81 mg. of organic P, 4 or 8 ml. of dialyzed acetone powder extract 
of rabbit muscle with 0.13 per cent NaHCOy, 0.03 m KCl, and 0.04 m NaF in a total 
volume of 22.6 ml. 


and the ions necessary for its activity, it may be assumed that reaction 
(2) will come to equilibrium almost instantaneously. Because the equi- 
librium lies far to the right side, the attainment of equilibrium involves a 
reaction of phosphopyruvate with the traces of ADP contained in the 
ATP. This amount of ADP is, however, too small to diminish the phos- 
phopyruvate in an analytically measurable way. If fluoride is present, 
along with magnesium and inorganic phosphate, the enolase will also be 
inhibited (1, 7) and the possibility of transformation of phosphopyruvate 
into 2-phosphoglycerate will be excluded. Indeed, in all the experiments 
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of this type, the amount of phosphopyruvate remains completely ¢op. 
stant throughout the incubation. 

If, however, the pyruvate is labeled with C', a kinetic exchange takes 
place between pyruvate and phosphopyruvate, and the latter gradually 
becomes tagged with C'*. The curve of this uptake of radioactive carbon 
is shown in Fig. 1. Complete isotope equilibrium was not obtained even 
after 90 minutes, with double the usual amount of enzyme (at 38°), and the 
isotopic exchange was only 60 per cent complete in this time with the norma] 
amount of enzyme. The method is sensitive enough, however, to enable 
one to calculate the speed of isotope exchange if only a few per cent of the 
equilibrium amount of exchange has occurred. 

At first glance it would appear that one could calculate the equilibrium 
constant of reaction (2) by determining the rate of isotope exchange and 
also the rate of reaction between phosphopyruvate and ADP. The isotope 
exchange would give the rate of phosphorylation of pyruvic acid (see (3)), 
and the equilibrium constant would be 


k dephosphorylation 
k phospborylat.on 


This would be true, however, only if the velocities of the forward and back 
reactions were proportional to the concentrations of the reactants. With 
most enzyme reactions this is not the case (see Biicher (23) and Meyerhof 
and Green (24)). It isnot the case here, either. ATP inhibits the reaction 


of phosphopyruvate with ADP, and the reaction between pyruvate and | 


ATP occurs to such a small extent that it is impossible to determine whether 
or not it is first order with respect to each of the reactants, or whether 
it is inhibited by any of the substances participating in the equilibrium. 

If the results were calculated on the assumption that the reaction veloci- 
ties are proportional to the concentrations of the reactants, K would be 
about 500. Because of the uncertainties in the calculation, we refrain 
from reproducing these experiments. 

Equilibrium with Non-Radioactive Pyruvate—Direct equilibrium determi- 
nations were made by mixing varying amounts of ATP, ADP, phospho 
pyruvate, and pyruvate in the presence of the enzyme, with additions 
of KCl, Mg**, NaF, and sodium bicarbonate buffer. When the system had 
come to equilibrium, as shown by the fact that the concentrations of the 
components did not change with time, the phosphopyruvate was deter- 
mined. Since all the initial quantities were known, and the decrease i2 
phosphopyruvate was equal to that of the ADP, and to the increase d 
pyruvate and ATP, the final equilibrium concentrations of all participants 
could be calculated. Table I gives a typical protocol. 

The ADP content of the ATP was measured in the same way 
(see Table II). 
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The transphosphorylase was routinely tested for activity and for enolase, 
myokinase, and adenylic acid transphosphorylase by incubating it with 
phosphopyruvate and other suitable substrates, as summarized in Table 
III. It will be seen from the final column that enolase and adenylic acid 
transphosphorylase are absent, but that the myokinase activity is con- 


I 
Direct Equilibrium Determination 


10.0 um of ATP, 3.00 um of ADP, 2.50 um of phosphopyruvate, 52.2 um of pyruvate 
plus 0.1 ml. of 0.5 m KCI, 0.15 ml. of wm NaF, 0.2 ml. of 1 per cent NaHCOs, 150 y of 
Mg** incubated at 30° with 0.3 ml. of enzyme (diluted to 1:6). Total volume, 1.85 
ml. Reaction stopped with 1 ml. of 15 per cent trichloroacetic acid. 1 ml. samples 
for direct and iodine P. 


| : Final 

Time | iodine P direct P | T#hover | 
| | | ATP ADP | Pyruvate 

0 | 045 | 2.2% | 2.05 | 12.1 | 0.95 | 563 | 

20 | 0.42 2.26 , 2.08. 12.1 | 0.92 | 54.3 1630 

Taste II 


Determination of ADP in ATP 
ATP containing 1230 y of 7 minute P, phosphopyruvate containing 78 y of iodine 
P, plus 0.1 ml. of 0.5 m KCI, 0.2 ml. of 1 per cent NaHCO,, 0.15 ml. of m NaF, and 150 
y of Mg** incubated at 30° with 0.3 ml. of enzyme (diluted to 1:6). Total volume, 


1.85 ml. Reaction stopped with 1 ml. of 15 per cent trichloroacetic acid. 1 ml. 
samples for direct and iodine P. 


Time Total iodine P Total direct P Decrease in iodine P 

0 78 38 | 

10 48 41 | 30 

20 | 48 40 | 30 


The ATP therefore contains 30 7 of ADP7 minute P and 1200 y of ATP 7 minute 
P (2.5 per cent ADP). 


siderable, even when the phosphopyruvate decrease due to the ADP in 
the ATP is subtracted. 

The results of twelve equilibrium experiments are summarized in Table 
IV. In Experiments 6, 7, 9, and 11, the equilibrium was approached from 
the side of ATP plus pyruvate, and phosphopyruvate was formed during 
the reaction; in the remaining experiments the starting materials contained 
more than the equilibrium amounts of ADP and phosphopyruvate, and 
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TaB_e III 
Test of Transphosphorylase 


All samples contain 86 7 of phosphopyruvate P, 0.14 ml. of 0.5 m KCl, 0.16 ml. of 
1 per cent NaHCO,, 150 y of Mg**, and 0.3 ml. of enzyme (undiluted) in 1.4 ml. 


EQUILIBRIA OF PHOSPHO(ENOL)PYRUVATE 


Ade. | ATP | ADP Final : 

Test NaF | Time Turn- 

phate | phate 

7 7 7 mi. min. 7 

Activity (enzyme 1:100)............ | 60 0.1, 10 52 is 

Adenylic acid transphosphorylase.. 53 0.1 | 20 86 0 

| 27 | 60 | 0.1| 20) 44 | 

| | 120 | 0.1] 20 | 7% | 6 
IV 


Direct Equilibrium Determinations 


The quantities of all reactants are given in micromoles. 


Temperature, 30°. 


The first column of K values represents those actually determined; the second 
column (Kyyokinase), the values corrected on the assumption that the myokinase 


equilibrium has been attained. Total volume = 1.3 — 2.0 ml. 


Initial | Final 
Rent | Phos- “pase | Tine 
No. | phopy-| ATP | ADP Nate phopy- | ATP | ADP | vate ratio 
1 | 2.52 | 10.1) 3.10 50.0 0.39 | 12.2 0.97) 52.1) 1680) 1920) 0.3 | 10, 2 
2 | 2.52 | 10.0 3.10 53.8 0.71 | 11.8 1.29 55.6} 800, 950 0.2| 10, 2 
3 | 2.52 | 10.0 3.00 54.3 0.44 | 12.1) 0.92 54.3 1630, 1850) 0.25 10, 20 
4 | 2.65 | 10.0 2.93 49.8 0.50 12.2 0.78 1630 1820) 0.2/| 10, 20 
5 | 2.52 | 19.8 3.00, 43.9 0.68 | 21.6 1.16 45.7) 1250, 1380) 1.0 | 15, 30 
6 | 0.20 | 19.7) 1.94, 81.0 0.39 | 19.5, 2.13, 80.8, 1900} 2280, 1.8 | 20, 40 
7 | 0.00 | 21.8 2.14 46.0 0.165 21.6 2.31 45.8, 2600, 3070, 4.0 | 20, 40 
8 | 2.68 | 18.8 2.71, 52.8 0.68 | 20.8 0.71 5.8 2360, 2540) 14 | 15, 30 
9 | 0.00 | 21.3, 2.39 75.1 0.26 21.0 2.65 74.8 2280) 2800 30 | 20, 40 
10 | 2.61 | 10.3 2.87 50.0 0.52 | 12.4 0.77 52.1) 1610, 1800; 10 | 15, 30 
11 | 0.02 | 21.8 3.96 70.5 0.25 21.6 4.19 70.3| 1450| 1910, 24 | 20, 30, 
12 | 3.03 | 19.8, 6.50 67.0 0.12 | 22.6 3.65, 69.8, 2400, 3060, 5 | 5, 10,18 
Average (without Experiment 2).................. 1800) 2115 
+425, +530 


phosphopyruvate disappeared. Essentially the same equilibrium constant 
was obtained no matter from which direction the equilibrium was ap 


proached. 


In order to evaluate the experiments exactly, it is important to know the 


3.28 
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“myokinase ratio,” 1.e., the ratio of the myokinase actually present in the 
enzyme to that which would be required to form the equilibrium quantity 
of adenylic acid (from the ADP) in the incubation period, if the initial 
rate of formation were maintained throughout the incubation. When 
this ratio is less than 1, the myokinase equilibrium is obviously not attained. 
This is the case for Experiments 1 to 5 of Table 1V; in the other experi- 
ments the myokinase equilibrium probably is attained. However, since 
the difference between the AK values calculated with and without the 
myokinase correction is within the limits of accuracy of the determination, 
we have not distinguished between the two sets of experiments. The 
average of all experiments,‘ from the mean of Kuirece and Kmyokinase, i8 
1960 + 475. 

Enolase Equilibria—In regard to the enolase equilibria of reaction (1), 
three different equilibria must be considered. If we call the true equilib- 
rium of enolase K,, then 


[Phosphopyruvate] [H,0] 


(4) 


(see (7)). The equilibrium of phosphoglyceric mutase would be 


K [p-3-Phosphoglyceric acid] (5) 
{p-2-Phosphogl yceric add] 
and the complete equilibrium 


|[Phosphopyruvate] [H.0] 
[p-3-Phosphoglyceric] + |p-2-phosphoglyceric] 


K, can be calculated from K,, and Ky, both of which can easily be 
determined with dialyzed extracts of muscle. 


K, = Ky X Km + Km (7) 


Ki was determined by Lohmann and Meyerhof (1), starting with p-3- 
phosphoglyceric acid. Kin at 20° was 0.39, at 40°, 0.54. Ky at 24° 
is found by interpolation to be 0.42. In order to make sure that this is a 
thermodynamic equilibrium we repeated the measurement at 24°, in some 
experiments the pure water being replaced with a mixture of water plus 
alcohol. Because cg,o Was now smaller, the percentage of phosphopy- 
ruvate should have been increased. This was actually the case. In the 
last two columns of Table V, Ky: is first calculated as the fraction, phos- 


Kin = 


(6) 


‘The preliminary value (K — 300) used in the paper presented to the Federation 
meeting in March, 1948 (see (25)), was based on experiments with C'* and some direct 
equilibrium measurements with dialyzed muscle extract. These measurements were 
vitiated by the presence of the adenylic acid transphosphorylase. 
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phopyruvate to phosphoglyceric acid, assuming the activity of water = |, 
and then calculated with the actual activity of water (K11). 

The measurements of the enolase equilibrium were carried out with ap 
enzyme made by homogenizing frog muscle with 14 volumes of water. 
The extract was allowed to stand for 2 hours at 20° to “inactivate” the 
coenzyme system and dialyzed for 3 hours before adding it to the substrate, 
which consisted of 3-phosphoglycerate in a sodium bicarbonate buffer, 
Potassium and magnesium ions were also present in the reaction mixture, 


TaBLe V 
Réle of Water in Equilibrium of Enolase 
All contain 150 y of Mg**, 0.1 ml. of 8 per cent NaHiCQO,, 1 ml. of enzyme, 0.% 
ml. of m KCI in a total volume of 2.1 ml. Temperature, 24°. Reaction stopped wit) 
1 ml. of 10 per cent trichloroacetic acid. 1 ml. samples for iodine and direct P. 


| Initial | | | 
| 
i| 
1 0 16); 7 | 246 
20 24%) 7 /] 17 | 10 | 70 | 166! 0.42 | 0.4 | 
la | 18%° 7+ 20| 246 7 20 13 75 158 | 0.46 | 0.8 
meth- 
anol 
v 240 7 7 0 240 
2 20 240 7 14 7 60 167 | 0.40 | 0.4 
2a | 30 7 + 240 7 13 6 71 163 | 0.44 0.39 
ethanol 
* By volume 


After the reaction had come to equilibrium, the enzyme was precip 
tated with trichloroacetic acid and the mixture analyzed for phospho 
pyruvate; the phosphoglycerate remaining was calculated as the differ 
ence between the initial phosphoglycerate and the phosphopyruvate and 
inorganic phosphate formed. When equilibria were determined in th 
presence of organic solvents, the latter were added only after the reactict 
had been running for 7 minutes; this prevents the solvents from so damag: 
ing the enzyme that equilibrium cannot be attained. The results of thee 
experiments are summarized in Table V. It will be ebserved that t 
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Kin values in the last column, where the activity of water is taken into 
account, are actually constant within the experimental error, although 
the ratio of phosphopyruvate to phosphoglycerate increases when water 
is replaced with an organic solvent. The activity of water is calculated 
from its partial vapor pressure. 

For measuring Ky, various procedures were used formerly, all based on 
the measurement of optical rotation. Because [a},, for p-3-phosphoglyceric 
acid is —14.5°, and for p-2-phosphoglyceric acid +24.3° (in n HCl), the 
percentage of the latter can be calculated in a mixture of both acids, if the 
total concentration is known as well as the rotation. If [a | is the specific 
rotation of the mixture with the sign actually found, then in the mixture 

la’] + 14.5° 


p-2-Phosphoglyceric acid in % = 38 8° < 100 (8) 


The second possibility consists in measuring the same rotation in the 
presence of molybdate; [a], for p-3-phosphoglycerie acid is —725°, and 
la], for p-2-phosphoglyceric acid —68° (see (10)). The procedure for 
calculating the percentage of p-2-phosphoglyceric acid is similar to that 
in the absence of molybdate. The advantages of the second procedure, 
namely that the specific rotation of p-3-phosphoglyceric acid is 50 times 
increased by molybdate and that it is about 10 times as high as that of 
p-2-phosphoglyceric acid, are partly counterbalanced by secondary in- 
fluences. High salt concentrations diminish the rotation strongly (1 mole 
of NaCl about 20 per cent), and different samples of molybdate give slight 
differences. On the other hand the accuracy of the measurement of 
direct rotation in the absence of molybdate is greater because of the oppo- 
site sign for each of the isomers. We therefore preferred to use both pro- 
cedures, but laid more stress on the results without molybdate. 

The concentration of p-3-phosphoglyceric acid can be made so high that 
the direct reading in a polarimetric 2 dm. tube amounts to —0.35° at the 
start (2.3 mg. of phosphoglyceric acid P per ml.). By the amount of 
phosphopyruvic acid formed it can be ascertained that the equilibrium 
distribution is attained. This is the case in the experiments reproduced 
in Table VI, if allowance is made for the secondary split of some phospho- 
pyruvate by the concentrated dialyzed muscle extract. The extract can- 
not be dialyzed longer than 15 hours without loss of its high activity, and 
traces of ATP and cozymase may be left. The influence of the latter can 
be checked by iodoacetate, but dephosphorylation by traces of the adenylic 
system cannot be completely avoided. Some experiments in the presence 
of fluoride, in which the formation of phosphopyruvate is only partly 
delayed and not inhibited because of low phosphate concentration (see 
(7)), give the same result. By equation (8), at 24° Ky, equals6. If this 


ia 
od 
9 
~ 
J 
39 


1382 EQUILIBRIA OF PHOSPHO(ENOL)PYRUVATE 


value is used for equation (7), K; becomes 2.9. This is not very different 
from the K,; = 2.3 found by Akano (9) with a crude enolase preparation 
containing only traces of phosphoglyceric mutase. However, it is much 
larger than the value of Warburg and Christian (7) with completely pur 


Tasie VI 
Equilibrium of Phosphoglyceric Mutase 
| Percent Percent! ,. Per cent 
Inhibitor = inorganic a’, 2-phos- le} in | 2- 
min. degrees degrees 
1 0 665 (3)° 
20 0.377 1.2 612 12 
40 0.377 1.5 600 15 
2 0 630 (3) 
30 0.395 3.1 567 14 
3 0 | Iodo- —0.33 |—12.6 562 (3) 
acetate 
60 | Iodo- 0.36 4.3 ({-0.1 —8.7 | 15 455 22 
acetate 
100 | NaF 0.37 2.0 |—0.195—10.0 | 12 
4 0 | Iodo- —0.32 |\—12.4 
acetate 
30 | Iodo- 0.405 1.8 —8.6 15.2 
acetate 
50 | Iodo- 0.405 2.4 |—0.16 | —8.6) 15.2 
acetate 
50 | NaF 0.11 0 —0.235 —9.45 13.0 
5 0 | Iodo- —0.385, —14.0 608 (3) 
acetate 
35 | Iodo- 0.403 1.5 (|—0.193 —10.1 | 11.5 | 562 13 
acetate 
Average............... 13.6 15t 


© The initial content of 2-phosphoglycerate in the preparation of 3-phosphoglye 
erate is assumed to be 3 per cent. 
t Average for the molybdate experiments. 


enolase, K; = 1.43. With K; = 1.43, Ky would be 2.6. From equatio 
(8) it follows that in this case [a’] would be 0°, independent of the amoust 
of phosphopyruvate formed. But all our present measurements as well # - 
the older ones ((8) vol. 276, p. 248) agree in that in the absence of fluoride 
the initial rotation decreases to about half the initial value, but not mor. 
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This means that there can be not more than 20 per cent 2-phosphoglyceric 
acid and that K,, is at least 4. On the other hand the value of Ky, meas- 
ured by Meyerhof and Schulz (10) exclusively with molybdate, of 9 at 
25° is probably too high. 

The difference from the values found by Warburg and Christian may be 
due to secondary influences on the equilibrium by ions or other concomitant 
substances. With reactions of very small energy, such factors may play 
a role in the position of the equilibrium. 


DISCUSSION 


The equilibrium constant of 2 X 10* at 30°, equal to 1.65 X 10° at 
20°, for the transphosphorylation reaction (2) means that at 20° the 
difference of the standard free energy of the energy-rich phosphate bonds 
in phosphopyruvate and ATP amounts to 


AF°® = —RT log 1650 = —4300 calories 


Although such a large difference had not been expected by us, it agrees 
excellently with the two independent calculations for the energy-rich 
phosphate bond in phosphopyruvate: Lipmann (5) — 15,850 calories (re- 
calculated for 20°), and Meyerhof (6) for ATP —12,000 calories. (More- 
over, the latter value should be corrected because of the potential of 
DPN: DPNH; to —11,500 calories.) This difference of 4300 calories, 
which was for some time doubtful because of the uncertainties of the calcu- 
lations, is now experimentally proved. Incidentally, it is about equal to 
the difference between the energy-rich bonds in 1,3-diphosphoglyceric 
acid and ATP in which, according to Biicher (23), K = 3000 and 
AF° = —4600 calories. The phosphate bonds of enol phosphate and 
acyl phosphate have therefore practically the same content of free energy. 
This can well be understood, because both these bonds are formed in 
intermediates of carbohydrate metabolism and can therefore only be 
present in minute concentration in the living cell. But nevertheless they 
must be able to transphosphorylate readily with the adenylic system, 
which is present in very much higher concentration. 

The measurements of the equilibria of enolase and phosphoglyceric 
mutase, which confirm our older values, prove that at 20° the energy 
contents of phosphoglyceric acid (reactions (2) + (3)) and phospho- 
pyruvic acid are practically identical. With the Ky, of isomerization of 
phosphoglyceric acid = 6, the energy difference AF° becomes — 1050 
calories between the two isomeric acids. This is in accordance with the 
general rule that the secondary phosphate ester bond has a considerably 


With the van’t Hoff isochore and with the molar heat of reaction —3500 calories 


(26) 
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higher energy content than the primary bond. As Lipmann has show 
(5) the bond energy of the enol phosphate is equal to the difference of the 
free energy between pyruvate plus water and glyceric acid minus the energy 
of the ordinary phosphate bond in 3-phosphoglyceric acid. The fre 
energy of the latter bond, which we have determined by equilibriyn — 
measurements with p-glyceric acid,* was in our experiments roughly 
calories. | 


We thank Mrs. Jean R. Wilson for assistance in some of the foregoing — 
experiments. 


SUMMARY 


The equilibrium of transphosphorylase between ATP and pyruvate is 
determined partly with the use of pyruvate containing C'* and partly © 
with non-radioactive pyruvate. While the C'* experiments gave only — 
qualitative results, a series of measurements with the use of purified 
transphosphorylase and non-radioactive reactants gave an average value 
of the equilibrium constant of 1950, which corresponds to a AF® of —44® 
calories (30°). 

A redetermination of the equilibria of enolase and phosphoglyceric 
mutase confirmed the former values. That the enolase equilibrium iss 
true thermodynamic equilibrium was proved by reducing the content o 
water with an alcohol-water mixture. The phosphopyruvate concentm- 
tion in the equilibrium rises accordingly. 

For the equilibrium of phosphoglyceric mutase, (p-3-phosphoglyceri 
acid)/(p-2-phosphog!vceric acid), K = 6 was obtained, corresponding to 
a AF° of — 1050 calories. 
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THE SYNTHESIS OF GLUTAMINE IN PIGEON LIVER 
DISPERSIONS* 


By JOHN F. SPECK 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, October 6, 1948) 


The enzymatic synthesis of glutamine was studied in the hope that the 
information obtained might aid in understanding the formation of peptide 
bonds in biological systems. The structural and energetic similarity of 
simple amide and true peptide linkages suggested that the mechanisms for 
their synthesis might also be similar. In addition, glutamine itself is a 
substance of wide natural distribution and is probably of great importance 
in the nitrogen metabolism of plants and animals (2). 

Krebs (3) found that glutamine was formed from glutamate and ammo- 
nia by slices of kidney, brain, and retina of various vertebrate species. 
Synthesis of the amide was generally dependent on the respiration of the 
tissue, which presumably served to supply the necessary energy. How- 
ever, in retina, which possesses a very active glycolytic system, glutamine 
was produced anaerobically provided glucose was present. Later Orstrém, 
Orstrém, Krebs, and Eggleston (4) reported the formation of glutamine 
from pyruvate and ammonia by pigeon liver slices. 

The present paper describes experiments on glutamine synthesis in pi- 
geon liver dispersions, and the following paper (5) gives the results obtained 


with tissue extracts, which lead to a clearer picture of the mechanism of 
formation of this amide. 


Methods 


Materials—-Commercial preparations of sodium L-glutamate, sodium suc- 
cinate, fumaric acid, L-malic acid, adenine sulfate, adenosine, and adeno- 
sine-3-phosphoric acid were employed, the first four being recrystallized 
before use. Sodium pyruvate was prepared according to Lipmann (6), 
oxalacetic acid according to Krampitz and Werkman (7), a-ketoglutaric 
acid according to Neuberg and Ringer (8), cis-aconitic anhydride accord- 
ing to Malachowski et al. (9), and dl-isocitric acid according to Pucher and 
Vickery (10). .-Glutamine was obtained from beets by the method of 
Vickery et al. (11). Diphosphopyridine nucleotide was isolated from yeast 


*This work was aided by grants from the American Cancer Society, upon recom- 
mendation of the Committee on Growth of the National Research Council, and from 
The National Foundation for Infantile Paralysis. A note describing part of this 
work has appeared previously (1). 
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by the procedure of Williamson and Green (12), further purified by phos. t 
photungstic acid precipitation, and assayed manometrically by hydrosulfite q 
reduction (13). Cytochrome c was prepared from horse heart according ¢ 
to Keilin and Hartree (14), dialyzed against water, and preserved by ly. 
ophilization; it was assayed spectrophotometrically. Adenosine triphos. y 
phate was isolated from the muscle of magnesium-anesthetized rabbits as 1 
described by LePage (15). Part was converted to adenosine-5-phosphorie 
acid by the method of Kerr (16). Acidic substances were neutralized with 
NaOH when solutions were prepared. 

Preparation of Dispersions—Livers from freshly killed pigeons were sus- 
pended in ice-cold isotonic medium, dispersed for 1 minute in a smal] | 
Waring blendor, and filtered through gauze. Generally 12 parts of a solu- 
tion containing 0.044 m phosphate buffer of pH 7.4 (prepared from diso- 
dium phosphate) and 0.067 m KCl were used. 1.0 ml. of such a dispersion 
in a reaction mixture of 2.0 ml. final volume provided 77 mg. of fresh liver, 
phosphate in a final concentration of 0.02 m, and KCl in a final concentration 
of 0.03 m. When necessary for the purpose of an experiment, the composi- 
tion of the medium and the proportions of medium to liver were varied. 

Preparation of Samples—The reaction mixtures were measured into War. 
burg vessels, with glutamate and ammonia solutions in the side arm and 
alkali papers in the center well, and oxygen uptake was measured after 
temperature equilibration and tipping. At the end of the reaction period, 
an equal volume of 10 per cent trichloroacetic acid was added to the sam- | 
ples in the vessels, and analyses were performed on the filtrates. Initial | 
samples identical in all essential respects with the incubated samples were 
prepared and deproteinized at the time when the substrates were tipped in. 
The analytical values given are the differences between the initial and final 
figures. 

For analysis of the samples, an aliquot of the trichloroacetic acid filtrate 
was transferred to the distilling apparatus described below and neutralized ba 
to brom cresol purple with NaOH, and the ammonia was distilled off. di 
The residue in the distilling tube was transferred to a 10 ml. volumetric F, 
flask, neutralized with H.SO,, and diluted to the mark. Aliquots were 
analyzed for glutamine by acid hydrolysis or for a-amino acid nitrogen all 
with ninhydrin. ra 

Colorimetric Determination of Ammonia—A blank, standards containing 
0.5 to 1.5 um of ammonia as ammonium sulfate, and unknown samples in to 
the same range were made to a volume of 10.0 ml. 0.5 ml. of Nessler’s re th 
agent, prepared according to Vanselow (17), was added, and the colors were tu 
read in an Evelyn photoelectric colorimeter, in 18 X 150 mm. tubes, with me 
Filter 420. A plot of ZL values (2 — log of per cent transmission) against — tu 
the ammonia content of the standards gave a straight line passing through | 


| 
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the origin. In replicate estimations the precision was +1 to 2 per cent. 
The presence of more than 0.2 m.eq. of acid in the samples resulted in a 
diminution of the color intensity. 

Distillation of Ammonia—Ammonia was separated from samples by a 
vacuum distillation procedure based on the method of Archibald (18). 
The modified apparatus used is shown in Fig. 1. The distilling tube A, 


Fro. 1. Ammonia distillation apparatus. A, distilling tube made from a 50 ml. 
centrifuge tube. 3B, cup and stop-cock for admitting alkali. C, capillary of marine 
barometer tubing with trap of 5 n H,SO, on glass wool to wash incoming air; D, 
distillation trap; £, receiver head, with side arm for attachment to water aspirator; 
F, 10 ml. volumetric flask. 


alkali cup B, and capillary C are identical with those of Archibald’s appa- 
ratus. The ammonia passes out of the distilling tube through a small 
trap D, which is connected by means of pressure tubing, with glass parts 
touching, to a receiver head E. A 10 ml. volumetric flask F' is fastened in 
the outer tube of the receiver head with a rubber stopper. The inner 
tube, which is connected to the trap, passes through the neck of the volu- 
metric flask and dips into the receiving acid. The side arm on the outer 
tube of the receiver head is attached to a water aspirator. 

The sample, nearly neutral and in a volume not greater than 15 ml., is 


9 
A 
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» 
F 
| 
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placed in the distilling tube along with a drop of dibuty! phthalate to pre. 
vent foaming. 2 ml. of 0.05 x H,SO, are measured into the volumetric 
flask, and the parts of the apparatus are connected. After application of 
the vacuum, 2 ml. of borate buffer of pH 10.5 (19) are admitted from the 
alkali cup, and the distilling tube is lowered into a water bath at 50°. 
When distillation has proceeded for 8 minutes, the tip of the inner tube of 
the receiver head is lifted from the acid, and the vacuum is released. The 
connections are separated, and the tip and bore of the receiver head are 
rinsed into the volumetric flask. After dilution to the mark, the whole 
distillate or an aliquot is analyzed forammonia. The apparatusissteamed 
out by running two blank distillations before a series of determinationsjs 
begun. 

0.1 um to at least 50 um of ammonia can be quantitatively distilled in this 
manner. The precision of distilled standards is equal to that of undistilled 
standards. When correction is made for a small distillation blank, the 
standard curve for distilled samples is the same as that for undistilled 
standards. Glutamine present during the distillation yields only about 05 
per cent of its amide nitrogen as ammonia. 

Hydrolysis of Glutamine—The samples containing glutamine were made 
1 N in H.SQ, by adding 0.25 volume of 5 N acid and were heated 11 minutes 
in a boiling water bath. After cooling, a volume of 5 N NaOH equal to 
0.05 ml. less than the volume of H.SO, used was added, and the samples 
were transferred to the distilling tube. The ammonia was distilled in the — 
usual manner, the borate buffer used in the distillation being adequate to — 
neutralize the excess acid. The amide nitrogen of glutamine was quantite- 
tively released as ammonia by this procedure. By ninhydrin determina — 
tions it was found that after acid hydrolysis glutamine yielded only about 
0.2 mole of a-amino acid nitrogen. Therefore, most of the glutamine is 
converted to pyrrolidonecarboxylic acid by the acid hydrolysis, just as by 
heating in neutral solution (20). 

Determination of a-Amino Acid Nitrogen with Ninhydrin—a-Amino acid 
nitrogen was determined as ammonia by a method essentially identical 
with that described by Sobel et al. (21). 1 ml. of sample, 0.2 ml. of ly 
citrate of pH 2.5, and 50 mg. of ninhydrin were mixed in an 18 X 150 mm. 
test-tube and heated 10 minutes in a boiling water bath. Without cooling 
the tubes, 3 drops of 30 per cent hydrogen peroxide were added, and the 
heating was continued for 3 minutes. The sample was then cooled, trans 
ferred to the distilling tube, and distilled in the usual manner except that 
3 ml. of borate buffer were added. The use of stronger alkali and longer 
distillation times did not alter the amount of ammonia formed. Alanine 
and glutamic acid yielded 0.96 to 0.97 mole of ammonia by this method. | 
Glutamine also formed 1 mole of ammonia. This result would be expected 
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from the observations of Hamilton (22), who found that at pH 2.5 glu- 
tamine undergoes oxidative decarboxylation with ninhydrin much more 
rapidly than conversion to ammonium pyrrolidonecarboxylate. The am- 
monia released from glutamine by ninhydrin is therefore derived almost 
entirely from the a-amino group and only in small part from the amide 


group. 
Results 


Standard Reaction System—Experiments in which the conditions of re- 
action were varied, described in more detail below, led to the selection of the 
following system as most suitable for studying glutamine synthesis in fresh 
pigeon liver dispersions: 0.05 m phosphate of pli 7.4, 0.03 m KCl, 0.006 m 
MgSQ,, 0.0001 m diphosphopyridine nucleotide, 6 X 10~* M cytochrome ec, 
0.01 m sodium citrate, 0.02 m NH,Cl, 0.05 m sodium t-glutamate, gas phase 
oxygen, temperature 38°. In such a system, with 77 mg. of fresh weight 
of pigeon liver in 2.0 ml. final volume and a reaction period of 60 minutes, 
the following reaction rates were observed (arithmetic mean and range of 
sixteen experiments): oxygen used, 17.6 um (13.0 to 22.6); ammonia used, 
29.7 um (19.2 to 43.6); amide formed, 16.2 um (9.2 to 26.4). If the dry 
weight of liver is assumed to be one-fifth of the fresh weight, the observed 
rate of glutamine synthesis corresponds to a value for Qamiae Of 24. The 
excess of ammonia used over amide formed is found to be present as a-amino 
acid nitrogen, as is shown later. The initial ammonia content of the dis- 
persions is zero, and the initial amide content is about 1.4 um for 77 mg. 
of liver. 

Under the conditions of the standard reaction system, oxygen uptake, 
ammonia utilization, and amide formation proceed at constant rates for 
periods up to 90 minutes (Fig. 2) and are nearly proportional to the weight 
of liver present (Fig. 3). 

The rate of hydrolysis of glutamine by the liver dispersions was studied 
in a test system containing 0.05 m phosphate of pH 7.4, 0.03 m KCl, 0.006 
mM MgSO,, 0.01 m L-glutamine, and 100 mg. of fresh weight of liver, in a 
volume of 2.0 ml.; the gas phase was nitrogen and the temperature 38°. 
Under these conditions glutamine is split at a rate of about 3 um per 100 
mg. of liver per hour. The hydrolysis is almost completely stopped by 
0.05 m t-glutamate, an effect previously described by Krebs (3) and 
Waelsch and Owades (23), and is strongly inhibited by 0.02 m NH,CL. 
Therefore it seems probable that glutamine hydrolysis occurs only at a neg- 
ligible rate in the standard system for glutamine synthesis. 

The various components of the reaction system are considered in more 
detail in the following sections of the paper. 

Glutamate—Little glutamine is formed if glutamate is omitted from the 
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reaction mixture. When the level of added glutamate is varied, a maxi. 
mum rate of amide synthesis is reached at a concentration of 0.05 m (Fig. 
4). The change in ammonia utilization approximately parallels the change 
in amide formation at different glutamate concentrations. Other sub. 


stances, particularly members of the tricarboxylic acid cycle, were tested | 
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Fic. 2. Time curve of glutamine synthesis. The conditions were those of the 
standard test system, with 77 mg. of liver in 2.0 ml. final volume. 


for their ability to replace glutamate in this system. Their relative effec- 
tiveness in forming glutamine corresponds to the expected ease of conver- 
sion to glutamate by way of a-ketoglutarate (Table I). Glutamate is 
clearly superior to any other substance rested and is undoubtedly the d- 
rect precursor of glutamine. The observation of Orstrém et al. (4) that 
in pigeon liver slices glutamine is formed more rapidly from pyruvate than 


from glutamate can probably be explained by the relative impermeability | 
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of the slices to the highly polar glutamate molecule. In the case of most 
of the nitrogen-free compounds, extra ammonia is used and a-amino acid 
nitrogen is formed; the sum of amide and a-amino acid nitrogen formed is 
nearly equivalent to the ammonia which disappears. It is interesting that 
citrate causes more rapid production of amino acids than the other sub- 
stances tested. ‘The amino acids have not been identified but presumably 
20, 
| 
| 
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Fic. 3. Glutamine synthesis by varying quantities of liver. The conditions were 
those of the standard system with the indicated fresh weights of liver in a final vol- 
ume of 2.0 ml., and a reaction period of 60 minutes. 


consist of alanine and aspartic and glutamic acids, formed by reductive 
amination and transamination. 

Ammonia— Variation of the ammonium chloride concentration from 0.01 
to 0.03 m does not affect the rate of glutamine synthesis provided not all 
the ammonia is used. Small amounts of ammonia disappear completely. 
At intermediate levels the total ammonia uptake may decrease, while 
amide formation remains unchanged. This indicates preferential utiliza- 
tion of ammonia for formation of amide with glutamate rather than for 
formation of a-amino acid nitrogen with citrate, probably because of a 
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AMIDE FORMED 
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0 0.02 0.04 0.06 0.08 0.10 


MOLARITY OF 4L-GLUTAMATE ADDED 
Fic. 4. Glutamine synthesis as a function of glutamate concentration. The 
conditions were those of the standard system except for variation of the glutamate 
level. 77 mg. of liver in a final volume of 2.0 ml.; reaction period 60 minutes. | 


Tas.e I 
Carbon Precursors in Glutamine Synthesis 
The conditions were those of the standard test system except that glutamate and 
other carbon precursors were added at a concentration of 0.02 m and citrate was 
omitted. 77 mg. of liver in 2.0 ml. final volume; reaction period 60 minutes. The 
data are given in micromoles. 


| 

Sea car | 
14.0 1.4 0.1 1.0 
13.7 7.8 1.0 7.2 
25.3 5.1 0.2 4.4 
17.5 6.3 0.6 5.5 
17.9 5.0 0.6 6.0 
15.6 14.0 2.2 13.1 
cues 16.0 14.0 3.9 10.9 
15.5 18.0 2.3 16.3 
66 16.9 6.9 7.5 —1.3 
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jower dissociation constant for ammonia and the glutamine enzyme system. 
Hydroxylamine cannot be substituted for ammonia in the reaction system, 
since it strongly inhibits respiration. 

Phosphate—Omission of inorganic phosphate from the system almost 
completely abolishes amide formation. A maximum rate of synthesis is 
observed at a phosphate concentration of 0.05 m (Fig. 5). Oxygen uptake 
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Fia. 5. Glutamine synthesis as a function of phosphate concentration. The 
conditions were those of the standard system except that the phosphate concentra- 
tions were varied; when reduced below 0.05 m, phosphate was replaced by an equimo- 
lar quantity of tris(hydroxymethyl)aminomethane buffer of pH 7.4. 77 mg. of 
liver in 2.0 ml. final volume; reaction period 60 minutes. 


and ammonia utilization show similar variation with phosphate concen- 
tration. 

pH—Synthesis of glutamine occurs most rapidly when the pH of the re- 
action mixture is 7.0 (Fig. 6). This is the final pH of the standard system 
described above with liver dispersion present. Oxygen uptake shows a 
higher and ammonia utilization a lower pH optimum. 

Magnesium Ions—When magnesium ions are omitted from the system, 
very little glutamine is formed. A magnesium sulfate concentration of 
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0.006 m is required to give a maximum rate of amide synthesis (Fig. 7), 
Magnesium ions are also required for maximum rates of oxygen and am. 
monia utilization. 

Oxygen—The rate of glutamine synthesis is decreased when air is substi- 
tuted for oxygen in the gas phase, and under anaerobic conditions no amide 


is formed (Table II). The decrease in ammonia utilization on changing 


the gas phase from oxygen to air is nearly equivalent to the decrease jp 
40r 
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Fic. 6. Glutamine synthesis as a function of pH. The conditions were those of | 


the standard system except that the pH was varied by the addition of small amounts 
of HCl or NaOH. pH measured in complete reaction mixture including liver dis- 
persions; 100 mg. of liver in a final volume of 2.0 ml.; reaction period of 60 minutes. 


amide formation. This indicates that the formation of amino acids is not | 


so strictly dependent on high oxygen tension as is amide synthesis. 


Oxidation Substrates—W hile glutamate is the best substrate for glutamine | 


synthesis in pigeon liver dispersions, addition of other carbon compounds 
along with optimal amounts of glutamate accelerates formation of the 
amide (Table III). Succinate, t-malate, oxalacetate, a-ketoglutarate, and 
citrate increase significantly both ammonia utilization and amide synthesis. 
Much of the extra ammonia used is converted to a-amino acid nitrogen. 
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The fact that an equal effect cannot be produced by adding extra gluta- 
mate shows that these substances do not act simply by undergoing conver- 
sion to glutamate. Presumably their oxidation helps to supply the energy 
necessary for glutamine synthesis. Citrate is generally the most effective 
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0 0.002 0004 0.006 0.008 a.alo 
MOLARITY OF MgSOq ADDED 
es. Fic. 7. Glutamine synthesis as a function of MgSO, concentration. The condi- 
tions were those of the standard system except that the MgSO, level was varied. 
sot 77 mg. of liver in 2.0 ml. final volume; reaction period of 60 minutes. 


of the oxidation substrates; cis-aconitate and dl-isocitrate behave as does 
citrate. 

Other Components—The presence of KCl in the test system has only a 
slight favorable effect on glutamine synthesis. When it is omitted, amide 
formation decreases about 10 per cent. The optimal concentration of 
KCl appears to be 0.03 uw. Similarly, omission of diphosphopyridine nu- 
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cleotide lowers the rate of glutamine formation about 10 per cent a andlso 
depresses oxygen uptake. A concentration of diphosphopyridine nucleo- 
tide of 0.0001 m produces a maximum effect on amide synthesis, but 
the oxygen uptake continues to increase at higher levels. The effect of 
cytochrome c is of the same magnitude as that of KCI and diphosphopyri- 
dine nucleotide. 6 X 10-* m cytochrome c is sufficient to give a maximum 


Taste II 
Requirement of Oxygen for Glutamine Synthesis 
The conditions were those of the standard system except that the gas phase was 
varied. 100 mg. of liver in 2.0 ml. final volume; reaction period 69 minutes. The 
data are given in micromoles. 


Gas phase | Oxygen used = Ammonia used Amide formed 
20.2 32.6 13.1 
13.4 25.5 7.6 

Taste III 


Oxidation Substrates in Glutamine Synthesis 


The conditions were those of the standard system except that various compounds 
were substituted for citrate, all at a concentration of 0.01 m. 77 mg. of liver ina 
final volume of 2.0 ml.; reaction period 60 minutes. The data are given in micro- 
moles. 


_ 


Extra substrate | Oxygen used Ammonia used Amide formed 
21.2 | 18.8 11.8 
21.0 18.7 13.1 
EES 18.1 16.9 11.2 
27.2 37.4 | 16.8 
22.9 36.1 14.9 
23.3 32.0 15.2 
a-Ketoglutarate...................... | 21.6 34.0 | 15.2 
22.6 | 43.6 | 18.2 


rate of glutamine formation, but higher concentrations are required for a 
maximum rate of oxygen uptake. The addition of nicotinamide, diphos- 
phothiamine, or a boiled extract of pigeon liver does not affect amide 
synthesis. 

Effect of Adenine Nucleotides on Glutamine Synthesis—The effects pro- 
duced by addition of adenosine triphosphate or adenosine-5-phosphate to 
the reaction system depend on the concentration employed and the dura- 
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tion of the experiment. 
(0.001 to 0.003 Mm), glutamine synthesis no longer proceeds linearly with 
time; instead the rate falls off rapidly after 20 minutes. Therefore, if meas- 
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With high concentrations of these nucleotides 


0.0003 M ATP 
NO ATP 
10r 
Oo 
O Q001 M 
O 
O 
Q003 M ATP 
2r 
410 20 30 40 50 60 | 
MINUTES 


Fic. 8. Effect of adenosine triphosphate on the time curve of glutamine synthe- 
sis. The conditions were those of the standard system except for the addition of 
adenosine triphosphate. 77 mg. of liver in 2.0 ml. final volume; reaction periods as 


indicated. 


urements are made at 20 minutes, it is generally found that adenosine 
triphosphate or adenosine-5-phosphate in concentrations of 0.0003 to 0.003 
M Causes acceleration in oxygen and ammonia utilization and in amide for- 
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mation. After 60 minutes the effect of the lower concentrations of nucleo- 
tides is still a stimulation, but with higher levels the rates have fallen off so 
markedly that the net effect is inhibition of amide formation. This js 
shown in Fig. 8. These results neither exclude nor prove participation of 
adenosine triphosphate and adenosine-5-phosphate in glutamine synthesis. 

In this connection the rate of hydrolysis of adenosine triphosphate by 
pigeon liver dispersions was measured. The reaction system contained 
0.05 m tris(hydroxymethy])aminomethane buffer of pH 7.4, 0.03 m KCl, 
0.006 m MgSQ,, 0.002 m adenosine triphosphate, and 10 mg. of liver per 


TaBie IV 
Effect of Adenine Derivatives on Glutamine Synthesis 


The conditions were those of the standard system except for the addition of the 
adenine derivatives. 77 mg. of liver in a final volume of 2.0 ml.; reaction period 60 
minutes. The data are given in micromoles. 


Adenine derivative | 
| 

None 20.2 36.0 223 
Adenosine triphosphate 0.0003; 25.2 | 39.4 | 25.2 
0.001 | 26.1 | 35.6 | 24.3 

0.0033 | 2.5 | 27.7. 12.9 

Adenosine-5-phosphate 0.0003 23.0 39.7 24.2 
0.001 | 27.2 | 40.0 | 2.2 

0.0033 | 25.9 | 300 | 16.6 

Adenosine-3-phosphate 0.001 19.6 35.0 19.7 
0.0033 | 18.1 | 20.7) 17.1 

Adenosine 0.001 | 226 | 32.5 | 19.8 
0.0033 | 21.2 | 2.2) 14.2 

Adenine 0.001 | 2.2 | 30.3 15.6 
0.003 | 19.4 | 23.4 | 10.0 


ml.; the gas phase was nitrogen and the temperature 38°. 2 um of inorganic 
phosphate were split off in 20 minutes by 10 mg. of liver; this corresponds 
to about 50 um per 77 mg. of liver per hour. Therefore the quantities of 
adenosine triphosphate used in the experiments above could rapidly be 
destroyed by hydrolysis; any effect produced by the intact molecule of 
adenosine triphosphate would persist only if the molecule were continu- 
ously regenerated. 

Adenosine-3-phosphate, adenosine, and adenine uniformly cause inhibi- 
tion of amide formation. Illustrative data are given in Table IV. With 
these substances the inhibition is apparent from the beginning of the ex- 
perimental period and the reaction proceeds linearly with time. It is un- 
likely that the delayed inhibitory effects of adenosine triphosphate or 
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adenosine-5-phosphate are due to hydrolysis to adenosine or adenine, be- 
cause in some experiments 0.003 mM adenosine triphosphate has caused 
complete inhibition for the period between 40 and 60 minutes (see Fig. 8), 
while 0.003 m adenosine or adenine has never produced so large an effect. 

Inhibitors of Glutamine Synthesis—Sodium fluoride in low concentrations 
strongly depresses glutamine synthesis in pigeon liver dispersions (Table V). 
The effect on amide formation is apparent at fluoride levels which do not 
markedly reduce oxygen uptake. Furthermore the decrease in ammonia 
utilization closely parallels the decrease in amide formation; conversion of 
ammonia to a-amino acid nitrogen is not so sensitive to fluoride as is glut- 
amine synthesis. It is probable that fluoride acts specifically on some step 
in the actual combination of glutamate and ammonia. 


TABLE V 
Fluoride Inhibition of Glutamine Synthesis 
The conditions were those of the standard system except for the addition of NaF. 


80 mg. of liver in a final volume of 2.0 ml.; reaction period 60 minutes. The data 
are given in micromoles. 


Concentration of NaF | Oxygen used | Ammonia used Amide formed 
0.0 20.2 33.0 18.8 
0.0001 19.3 32.4 16.9 
0.0003 18.7 29.8 14.5 
0.001 18.3 23.4 9.9 
0.003 16.4 16.3 3.7 
0.01 | 14.8 12.0 0.7 
0.03 | 10.4 11.0 0.2 


Crystal violet has been reported to inhibit the glutamate metabolism of 
Gram-positive cocci (24) and the synthesis of glutamine in extracts of 
Staphylococcus aureus (25). Low levels of this dye inhibit glutamine syn- 
thesis in fresh pigeon liver dispersions. This effect can be observed at a 
concentration of 0.00001 m, and inhibition is complete at 0.0001 mM. Oxy- 
gen uptake is also strongly depressed by crystal violet, though not so much 
as is amide formation. The action of the dye may therefore be to inter- 
fere with the supply of oxidative energy rather than to block specifically 
the linking of glutamate and ammonia. 


DISCUSSION 


The essential components of the reaction system for glutamine synthesis 
by pigeon liver dispersions are glutamate, ammonia, phosphate and magne- 
sium ions, and oxygen. The other additions, such as KCl, diphosphopyr- 
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idine nucleotide, cytochrome c, and citrate, probably have only supple. 
mentary functions. These results support the view that the energy re. 
quired for combination of glutamate and ammonia is supplied by the 
respiration of the liver dispersion. From current knowledge of the man- 
ner in which energy is obtained from respiratory processes, it might be 
anticipated that phosphorylated compounds are involved in glutamine 
formation. The observation of Krebs (3) that in retina glycolysis can 
support amide synthesis indicates particularly the participation of aden. 
osine triphosphate. In the case of fresh pigeon liver dispersions, addition 
of adenosine triphosphate is not essential for glutamine formation but 
under suitable conditions may accelerate the reaction. When no adenosine 
triphosphate is added, the smal] amount present in the liver dispersion may 
support amide formation by undergoing a rapid cycle of utilization for 
glutamine synthesis and regeneration by respiration. 

Bujard and Leuthardt (26) have recently found that glutamine is formed 
in rat and guinea pig liver homogenates and that the rate of reaction is 
greatly accelerated by simultaneous addition of magnesium ions and adeno- 
sine triphosphate. In their system the amount of adenosine triphosphate 
in the tissue homogenate is inadequate to maintain amide formation at 
nearly maximum rate. The reason for this difference from the pigeon liver 
system is not clear. 

A more adequate picture of the mechanism of glutamine synthesis has 
been obtained from experiments with tissue extracts, described in the fol- 
lowing paper (5). Extracts of acetone-dried pigeon liver catalyze a reac- 
tion between glutamate, ammonia, and adenosine triphosphate, in the 
presence of magnesium ions, to form glutamine, adenosine diphosphate, 
and inorganic phosphate. This observation confirms the tentative con- 
clusion drawn from studies with tissue slices and homogenates. 


SUMMARY 


Dilute dispersions of fresh pigeon liver form glutamine when glutamate, 
ammonia, phosphate and magnesium ions, and oxygen are present. Po 
tassium ions, diphosphopyridine nucleotide, cytochrome c, citrate, and 
other oxidizable substrates, and, under some conditions, adenosine triphos 
phate and adenosine-5-phosphate accelerate the synthesis. Fluoride ion © 
strongly inhibits the reaction. It is concluded that high energy phosphate 
compounds formed by respiration, such as adenosine triphosphate, are 
utilized in linking glutamate and ammonia. 


It is a pleasure to acknowledge the assistance of Mrs. Mary Bandurski 
and Mrs. Anna-May McCreedy in performing these experiments. © 
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THE ENZYMATIC SYNTHESIS OF GLUTAMINE, A REACTION 
UTILIZING ADENOSINE TRIPHOSPHATE* 


By JOHN F. SPECK 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, November 3, 1948) 


The preceding paper (2) describes experiments on the synthesis of glu- 
tamine in pigeon liver dispersions, which, together with the results of 
Krebs and his collaborators (3, 4) and of Bujard and Leuthardt (5), sug- 
gested that adenosine triphosphate may play an essential réle in amide for- 
mation. Proof for this function of adenosine triphosphate has been ob- 
tained in studies with tissue extracts, which are the subject of the present 
paper. Partially fractionated extracts of acetone-dried pigeon liver have 
been found to catalyze a stoichiometric reaction between adenosine tri- 
phosphate, glutamate, and ammonia, in the presence of magnesium ions, 
to form glutamine, adenosine diphosphate, and inorganic phosphate. 


Methods 


Materials—Commercial preparations of most amino acids, amines, and 
carboxylic acids were used. Diphenylamidophosphate was prepared ac- 
cording to Audrieth and Toy (6) and hydrolyzed to potassium acid amido- 
phosphate by the method of Stokes (7). Methionine sulfoxide was made 
from pL-methionine by the procedure of Toennies and Kolb (8) as modified 
by Waelsch et al. (9). Adenosine triphosphate was isolated from rabbit 
muscle by the method of LePage (10); the preparation was carried through 
two mercury precipitations and finally precipitated as the barium salt with 
BaCl. Dried in vacuo over CaCl, the product gave the following analysis: 
965 mg. of dibarium adenosine triphosphate contained 5.00 milliatoms of 
total nitrogen, 1.03 mm of adenine (from measurement of light absorption 
at 260 mu), 3.00 mm of total organic phosphate, 1.96 mm of easily hydro- 
lyzable phosphate, and 0.03 mm of inorganic phosphate. Solutions were 
prepared by dissolving the dibarium salt in dilute HCl, adding a small 
excess of Na,SO, solution, neutralizing with NaOH to brom thymol blue as 
an internal indicator, diluting to the desired volume, and centrifuging. 
Adenosine diphosphate was prepared from adenosine triphosphate by 
means of yeast hexokinase (11); it contained easily hydrolyzable phos- 


* This work was aided by grants from the American Cancer Society, upon recom- 
mendation of the Committee on Growth of the National Research Council, and from 
The National Foundation for Infantile Paralysis. A note describing part of this 
work has appeared previously (1). 
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phate equal to 51 per cent of the total organic phosphate. Other materials 
used are described in the preceding paper (2). 

Procedure for Enzyme Experiments—The reaction mixtures were made 
up in 12 ml. conical tipped centrifuge tubes. The final volume was gen- 
erally 1.0 or 1.5 ml. for experiments with hydroxylamine and 2 ml. for 
experiments with ammonia. After all the components except adenosine 
triphosphate had been added, the samples were placed in a water bath at 
30° for 5 minutes; then adenosine triphosphate was added to start the re- 
action. At the end of the incubation period, the reaction was stopped by 
addition of an equal volume of 10 per cent trichloroacetic acid, and analy- 
ses were performed on the supernatants after centrifugation. Samples 
identical in essential respects with the incubated samples were treated 
with trichloroacetic acid before addition of adenosine triphosphate and 
analyzed for initial values. The changes resulting from enzyme action 
were obtained by difference. 

Analytical Methods—Procedures for the distillation and colorimetric de- 
termination of ammonia and for the hydrolysis of glutamine are presented 
in the preceding paper (2). For inorganic phosphate analyses the method 
of Gomori (12) was modified by substituting an acid-molybdate reagent 
containing 5.0 n H,SO, for the original reagent containing 2.5 n H,SO,; 
this decreases the possibility of interference from traces of silicate. Pro- 
tein was determined by the biuret procedure of Robinson and Hogden 
(13); a liver protein fraction, the nitrogen content of which had been estab- 
lished by micro-Kjeldahl analysis, was used as a standard. 

Hydroxamic acid was determined by a method essentially identical with 
that of Lipmann and Tuttle (14). The total sample plus an equal volume 
of 10 per cent trichloroacetic acid or an aliquot of a trichloroacetic acid 
filtrate was brought to 3.0 ml. with water. 1.0 ml. of 2mNH,OH of pH 
6.5 (NH,OH-HCI neutralized with NaOH) and 2.0 ml. of 2.5 per cent 
FeCl,-6H,O in 1.5 n HCl were added. If the protein had not been re- 
moved previously, the samples were centrifuged, and the colors were read 
in an Evelyn photoelectric colorimeter with Filter 540, in 18 X 150 mm. 
tubes. A blank and standards of 1.25 to 3.75 um of succinyl hydroxamic 
acid, all containing the same amount of trichloroacetic acid as the un- 
knowns, were read at the same time. Values for hydroxamic acid are 
expressed as succinyl hydroxamic acid equivalents, since a suitable stand- 
ard of glutamy! hydroxamic acid was not available. 


Results 


All the detailed experiments on glutamine synthesis were performed 
with enzyme preparations obtained from acetone-dried pigeon liver, but 
similar enzyme activity is found in other tissues and other species of ani- 
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mals. The pigeon liver preparations catalyze a reaction between adeno- 
sine triphosphate, glutamate, and ammonia to form glutamine, adenosine 
diphosphate, and inorganic phosphate. The reaction can be followed by 
measuring the disappearance of ammonia and formation of amide and 
inorganic phosphate. Ammonia may be replaced by certain simple de- 
rivatives, such as hydroxylamine, hydrazine, and methylamine. When 
hydroxylamine is substituted for ammonia, a hydroxamic acid is pro- 
duced. Because of the convenience of analyzing for the hydroxamic acid, 
hydroxylamine was generally employed in routine enzyme experiments, 
such as establishment of optimal reaction conditions and assay of fractions 
during enzyme purification. 

Purification and Properties of Pigeon Liver Enzyme—Acetone-dried pigeon 
liver served as the source of the enzyme preparations. This material was 
obtained by dispersing fresh pigeon livers in about 6 parts of ice-cold ace- 
tone in a Waring blendor, filtering on a Biichner funnel, resuspending the 
solid in cold acetone, filtering again, and drying on the funnel in a stream 
of air and then in a vacuum desiccator over CaCl. Acetone powders kept 
in a desiccator in the cold yielded active enzyme preparations after at 
least a year. 

Enzymatic activity of acetone powder extracts or of protein fractions 
obtained from the extracts was assayed in a system of the following com- 
position: 0.1 mM tris(hydroxymethyl)aminomethane buffer of pH 7.0 (15), 
0.01 m MgSO,, 0.04 m HCN of pH 7 (NaCN freshly neutralized with HCl), 
0.05 Msodium t-glutamate, 0.05 m NH,OH of pH 7 (NH.OH-HCI freshly 
neutralized with NaOH), and 0.006 m adenosine triphosphate. The tem- 
perature was 30° and the reaction period 10 minutes. About 0.2 ml. of 
the crude extracts and smaller volumes of the purified fractions were used 
in each 1 ml. final volume of reaction mixture. Formation of hydrox- 
amic acid and inorganic phosphate was measured. The same protein 
fractions were incubated in a system containing only buffer, magnesium 
ions, cyanide, and adenosine triphosphate; liberation of inorganic phos- | 
phate in this system was used as a measure of hydrolysis of adenosine 
triphosphate. 

A study of conditions for extraction of the enzyme activity from the 
acetone powder showed that alkaline salt solutions were most effective, 
and 0.2 am NaHCO; was selected as the best of the solutions tested. Gen- 
erally the acetone powder was ground with 10 parts of ice-cold 0.2 m 
NaHCO,, and the solid was removed by centrifugation after the mixture 
had stood in the ice box for a few hours. Reextraction of the solid with 5 
parts of 0.2 m NaHCO; increased the yield of activity by about one-third. 

Extracts of acetone-dried pigeon liver cause hydrolysis of adenosine 
triphosphate. This activity interferes with the study of glutamine syn- 
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thesis by obscuring the stoichiometry and diminishing the quantity of 
adenosine triphosphate available for the synthesis. Hydrolysis of adeno. 
sine triphosphate by pigeon liver extracts is strongly activated by magne. 
sium ions; calcium ions are less effective. Different batches of acetone 
powder yield different levels of adenosinetriphosphatase activity. Ey. 
tracts from one powder, which was used for the experiment described in g 
previous note (1), contained little adenosinetriphosphatase and gave fairly 
good stoichiometry in glutamine formation without purification. Extraets 
from another large batch of powder, which was used in all the experiments 
described in the present paper, brought about hydrolysis of adenosine 


Taste I 
Enzyme Assays during Purification 
The fractionation procedure and assay systems are described in the text. Hy. 
droxamic acid and phosphatase activities are expressed as micromoles of hydroxamic 
acid or phosphate per ml. of enzyme solution per 10 minutes and protein as mg. of N 
per ml. of enzyme solution. 


‘Hydroxamic acid 
| activity Phospha- Pbospha- Hydro 
| | | Total amic acid Protein 
“6 | 8.3 | 240 5&2 0.63 4.78 1% 
Isoelectric ppt... .... 120 1980 2.4 0.15 2.80 5.9 
Ppt. 22% ethanol....| 35 | 10.0 | 350 3.5 0.35 3.72 | 2.63 
“ 22-43% ethanol . 35 so N..2 710 0.0 0.00 1.09 , 18.5 


triphosphate almost as rapidly as utilization for glutamine synthesis. The 
extracts did not show significant glutaminase activity. 

Studies on the precipitation of enzyme activity were carried out so that 
a method for freeing the extracts from adenosinetriphosphatase might be 
devised. A purification procedure was adopted which consisted of isoelee- 
tric precipitation and ethanol fractionation. All operations were carried 
out with cold solutions in a room at a temperature of about 1°. One such 
preparation is described here, and the assay results are given in Table | 
(a) 20 gm. of pigeon liver acetone powder were extracted twice, first with 
180 ml. and then with 100 ml. of 0.2 m NaHCO;. The combined solutions 
were dialyzed overnight against 0.15 1 NaCl-0.005 m NaHCO; and assayed 
(extract). (b) 246 ml. of extract were mixed with 123 ml. of 0.2 m acetate 
of pH 4.2. The precipitate was removed by centrifugation and suspended 
in a mixture of 50 ml. of 0.2 m NaHCO; and 30 ml. of 0.15 m NaCl-0.06 
mu NaHCO. After an hour the solid was centrifuged and reextracted with 


| 
| 
| 


i 


J. F. SPECK 1409 


40 ml. of NaCl-NaHCO;. The combined solutions were dialyzed over- 
night against NaCl-NaHCoO; and assayed (isoelectric precipitate). (c) To 
120 ml. of the solution of the isoelectric precipitate 34 ml. of ethanol were 
slowly added, with efficient stirring and cooling in an ice bath; the final 
ethanol concentration was 22 volumes per cent. After 15 minutes the pre- 
cipitate was centrifuged and suspended in 35 ml. of NaCl-NaHCO;, and 
the solution was clarified by centrifugation (precipitate, 22 per cent etha- 
nol). (d) 136 ml. of supernatant from the first ethanol precipitation were 
treated in the same manner with a further 50 ml. of ethanol, to give a final 
ethanol concentration of 43 volumes per cent. The precipitate was centri- 
fuged and dissolved in NaCl-NaHCO;, and the slight turbidity was re- 
moved by centrifugation (precipitate, 22 to 43 per cent ethanol). 

It can be seen frore the data of Table I that 35 per cent of the original 
activity was obtained in the fraction precipitating between 22 and 43 vol- 
umes per cent of ethanol; this fraction has an activity per unit protein 10 
times as great as that of the original extract and is free from adenosinetri- 
phosphatase activity. This degree of purification is consistently achieved, 
and the yield of activity is usually greater than in this particular example 
(up to 50 per cent of the original activity). Different preparations of this 
fraction were used for the experiments with the pigeon liver enzyme which 
are reported in this paper. A repetition of the isoelectric precipitation 
and ethanol fractionation has given a preparation 20 times as active per 
unit protein as the original extract. 

The enzyme activity in both the original dialyzed extracts and the puri- 
fied fractions is quite stable. The preparations may be kept at 2° for sev- 
eral weeks without significant loss in activity. The activity of the original 
extracts is not diminished by incubation for 3 hours at 30°. The heat - 
stability of the enzyme in the crude extracts was tested by heating for 5 
minutes at various temperatures in the presence of 0.05 m 1-glutamate, 
which was added to protect specifically the glutamine enzyme. No activ- 
ity was lost at temperatures up to 50°, but complete inactivation occurred 
at 60°. No differential effect on glutamine synthesis and adenosinetri- 
phosphatase activity was observed. 

The enzyme is associated with a protein fraction having the solubility 
properties of a euglobulin. When crude extracts or purified fractions are 
thoroughly dialyzed against distilled water, a precipitate appears which 
contains all the enzyme activity and which can be redissolved in 0.15 m 
NaCl-0.005 m NaHCO;. Nearly all the protein of the purified fraction is 
precipitated by water dialysis. 

It is not yet clear whether the pigeon liver preparations contain one or 


more than one protein component essential for the over-all enzymatic 
reaction. 


| 
| 
| 
ie | 
N 
4 | 


1410 ENZYME SYNTHESIS OF GLUTAMINE 


Stoichiometry of Reaction—-The formation of amide by pigeon liver prepa. 
rations requires the simultaneous presence of glutamate, amine, adenosine 
triphosphate, and magnesium ions. Omission of any one of these compo. 
nents leads to complete inactivity in the synthesis. The stoichiometry 
is most clearly seen in experiments with ammonia as the amine, when 
measurements of disappearance of ammonia, formation of amide, and lib. 
eration of inorganic phosphate can be made. The amide is determined as 
ammonia released by heating with 1 Nn H.SO, for 11 minutes at 100°, after 
previous removal of free ammonia by vacuum distillation. Table II gives 
the results of an experiment showing parallel utilization of ammonia and 
formation of amide and inorganic orthophosphate during various reaction 
periods. A series of 52 individual samples, similar to those described in 


Taste II 
Stoichiometry of Glutamine Synthesis 
The samples contained 0.1 m tris(hydroxymethyl)aminomethane buffer of pH 
7.55, 0.01 m MgSO,, 0.04 w HCN of pH 7.4, 0.05 m L-glutamate, 0.01 m NH,CI, 0.06 
mM adenosine triphosphate, and 0.05 ml. of purified pigeon liver enzyme (31 ¥ of N) 
in 1.0 ml. Temperature 30°; times as indicated. The figures given are micromoles 
per ml. of reaction mixture. 


Time Ammonia used Glutamine formed | Phosphate liberated 
min. 

5 1.7 1.94 1.80 

10 3.1 2.98 2.96 

20 3.9 | 4.08 3.94 

30 | 4.2 | 4.72 | 4.83 


Table II but including variations in pH, in quantity of enzyme, and a 
concentration of adenosine triphosphate and ammonia, gave the following 
average ratios: 1.05 moles of ammonia used, 1.00 mole of amide formed, 
and 1.00 mole of inorganic phosphate liberated. In the individual samples 
amide and phosphate were always formed in proportions very close to 1:1, 
but ammonia utilization was more variable, probably because it was deter- 
mined less accurately as the difference between large initial and final am- 
monia values. 

These results indicate the formation of a monoamide of glutamic acid. 
This amide is very labile and is completely split by acid under the same 
conditions which give quantitative results with authentic samples of glu- 
tamine, the y-amide of glutamic acid. The observations of Melville (16) 
show that the a-amide, isoglutamine, is much more stable and is compar 
ble to asparagine, which requires 3 hours for complete hydrolysis by 1 5 
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H.SO, at 100° (17). The formation of glutamine by pigeon liver is known 
from the work of Orstrém et al. (4), who isolated in crystalline form an 
amide produced by pigeon liver slices from pyruvate and ammonia and 
identified it as glutamine hydrochloride. It may be concluded that the 
amide formed in the present experiments is glutamine. 

Two observations indicate that adenosine diphosphate is the end-product 
formed from adenosine triphosphate. First, when samples containing rela- 
tively large amounts of enzyme are incubated for long periods of time, the 
reaction stops when | mole of glutamine and 1 mole of inorganic phosphate 
have been formed for each mole of adenosine triphosphate added. Sec- 
ond, adenosine diphosphate itself cannot be utilized in the test system, 
unless the enzyme myokinase is added to convert it in part to adenosine 
triphosphate. 

On the basis of these findings the reaction may be written as shown in 
Equation 1. 


Glutamate + ammonia + adenosine triphosphate — glutamine + (1) 
adenosine diphosphate + phosphate 


When hydroxylamine is substituted for ammonia, a hydroxamic acid is 
formed, which can be determined colorimetrically by reaction with FeCl,, 
and at the same time phosphate is liberated from adenosine triphosphate. 
Data from several individual experiments are presented later, and only 
average Values are given here. A series of 154 samples, similar in composi- 
tion to the reaction system for enzyme assay but including variations of 
reaction time, enzyme level, pH, and concentration of each of the react- 
ants, gave the following relation: for 1.00 mole of inorganic phosphate re- 
leased, 1.12 moles of succinyl hydroxamic acid equivalent were formed. 
The proportion was not always constant, varying from 0.98 to 1.80 as ex- 
tremes; this was due in part to variability in the hydroxamic acid determi- 
nation. The changes were not related to alterations in the conditions of 
the enzyme reaction. The failure to observe a 1:1 relation between phos- 
phate liberation and hydroxamic acid formation probably results from the 
use of a standard of succinyl hydroxamic acid, which may not give the 
same color per mole as the hydroxamic acid formed from glutamate. 

Reaction between adenosine triphosphate, glutamate, and ammonia at 
neutral pH should result in the formation of H+ ions. For purposes of 
calculation the over-all process may be divided into two steps: (1) combi- 
nation of carboxylation ion and ammonium ion (Equation 2),' 


R,COO- + NH, — RiCONH; + H,0 (2) 


R, represents COO-CHNH,*CH,CH,-. 
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which involves no acid-base change, and (2) splitting of inorganic phos 
phate from adenosine triphosphate (Equation 3),? 


O O O 


| 
- oe 


o oO 


o- oO O- 
which results in the formation of one acid group (inorganic phosphate) 
with a pK’ of 6.8. Therefore, at pH 7.4, for each mole of glutamine (or 
phosphate) formed, 0.80 mole of H* ion should be released. When by. 


droxylamine, with a pK’ of about 5.9, replaces ammonia, the first step be 
comes (Equation 4) 


R,COO- + NH,OH RCONHOH + OH- 


It can be calculated that 0.97 mole of OH™ ion should be released in this 
step; so that the over-all acid-base change in hydroxamic acid formation 
at pH 7.4 should be liberation of 0.17 mole of OH~ ion. In the same way 
it can be estimated that reaction with methylamine, pK 10.6, should re 
lease 0.80 mole of H* ion, as in the case of ammonia, and that reaction 
with hydrazine, pK 8.5, should release 0.73 mole of H* ion. Table III 
gives the results of an experiment with different amines in bicarbonate 
buffer. Acid-base changes were followed by measuring manometrically 
the CO, released or absorbed, and formation of inorganic phosphate in the 
same samples was used as a measure of amide synthesis. The observed 
evolution of CO, is in rather good agreement with that calculated by mu: 
tiplying the phosphate by the factors described above. 

Intermediates—Since it seemed probable that a process involving so many 
components as glutamine synthesis proceeds in steps, attempts were made 
to detect intermediate compounds. 

Reaction of adenosine triphosphate with glutamate might produce such 
compounds as 7-glutamy]! phosphate or y-glutamy! adenosine diphosphate, 
which then could react with an amine to yield the amide. It might bee 
pected that enzymatic catalysis would be necessary for the first step and 
perhaps also for the second. To test for the formation of an intermediate 
from glutamate, reaction mixtures containing buffer, adenosine triphos 
phate, glutamate, Mg** ions, cyanide, and purified pigeon liver enzyme 

* R,OH represents adenosine. 
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were incubated for various times, and the enzyme was then inactivated by 
mild treatment so as to preserve labile compounds. Heating for 30 sec- 
onds in boiling water and immediately cooling and treating with ice-cold 
trichloroacetic acid and immediately neutralizing were two methods used; 
a substance like acetyl phosphate would suffer relatively little decomposi- 
tion during such procedures. The samples were then analyzed for acyl 
phosphates by the hydroxamic acid method of Lipmann and Tuttle (14) 
(an acyl adenosine diphosphate might also react in this determination) and 
by differential phosphate determinations according to Lowry and Lopez 
(18) and Gomori (12). No intermediate was detected. It may be men- 
tioned that if the enzyme was not inactivated before the addition of neu- 


Taste III 
Acid Formation during Amide Synthesis 


The samples were made up in Warburg vessels and contained 0.03 m NaHCO,, 
0.01 a MgSO,, 0.04 mw HCN of pH 7.4, 0.05 m L-glutamate, 0.02 m amine, 0.006 mu adeno- 
sine triphosphate (tipped in from the side arm after temperature equilibration), 
and 0.10 ml. of purified pigeon liver enzyme (160 7 of N) in 2.0 ml. Gas phase 5 per 
cent CO;-95 per cent Ny; temperature 30°; time 30 minutes. The figures given are 
micromoles per ml. of reaction mixture. Calculated CO, evolution was obtained 
by multiplying the phosphate formed by the factors given in the text. 


Phosphate CO: evolu- COs 
Hydroxylamine................... | 3.4 —0.6 0.4 
Hydrazine | 2.3 
Methylamine hydrochloride....................... | 23 | 18 2.0 


tral hydroxylamine, as in the original method of Lipmann and Tuttle (14), 
hydroxamic acid was always found. Since the pigeon liver enzyme re- 
mains completely active in the presence of high concentrations of hy- 
droxylamine, hydroxamic acid formation under these conditions cannot be 
regarded as evidence for the enzymatic synthesis and accumulation of an 
acyl phosphate which subsequently reacts non-enzymatically with hy- 
droxylamine. 

Adenosine triphosphate might yield phosphate or adenosine diphosphate 
derivatives of the amines, which then could react with glutamate to give 
the corresponding amides. To test this possibility, reaction mixtures con- 
taining buffer, adenosine triphosphate, hydroxylamine, Mg** ions, cyanide, 
and enzyme were incubated for various times, and the enzyme was then 
inactivated. Differential phosphate analyses failed to show accumulation 
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of labile phosphate compounds. Addition of glutamate did not result jp 


hydroxamic acid formation; this indicates that intermediates capable of — 


reacting non-enzymatically with glutamate were not present. One inter. 
mediate which might be formed from adenosine triphosphate and ammonia, 
amidophosphate, was prepared synthetically and tested with the purified 


pigeon liver enzyme. Amidophosphate could not replace adenosine tri- i 
phosphate plus ammonia in reacting with glutamate to form glutamine, — 


It was slowly hydrolyzed by the enzyme preparations and could partially 
replace ammonia, provided adenosine triphosphate was aiso added. This 
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Fic. 1. Effect of glutamate concentration on the rate of amide synthesis and 
phosphate liberation. The samples contained 0.01 MgSO,, 0.04 HCN of pH7, 
0.4 m NH,OH of pll 7.0, t-glutamate in the concentrations shown, 0.006 m adeno 
sine triphosphate, and 0.10 ml. of purified pigeon liver enzyme (62 y of N) in 1.0 ml. 
Temperature 30°; time 10 minutes. The figures given are micromoles per ml. o 
reaction mixture. 


l 
ack of reactivity indicates that amidophosphate is probably not an inter- 
mediate in glutamine synthesis. 

These negative results are not conclusive evidence for a reaction mechan- 


ism involving only one step or against a mechanism involving two or more | 


steps. The experimental procedures available were not completely satis 
factory for detecting the types of intermediates suggested above. If 


intermediates exist, they may be exceedingly labile or may not accumulate — 


in the incomplete systems in sufficient quantitics for analysis. 
The following sections describe the effects of varying the conditions d 
reaction and the components of the system. 


Glulamalte—In Fig. 1 the rate of amide synthesis is plotted as a function — 
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of the level of t-glutamate. A glutamate concentration of 0.05 m is re- 
quired to give a maximum rate. The method of Lineweaver and Burk 
(19) was used in calculating the glutamate-enzyme dissociation constant 
from such data. Data from three experiments gave an average value for 
the dissociation constant of 0.0027 m (range 0.0011 to 0.0038 m). 

A number of other carboxylic acids were tested for their ability to re- 
place glutamate in forming a hydroxamic acid, but none were effective, 
either in the original dialyzed extracts or in the purified fraction. The sub- 
stances tested included formate, acetate, butyrate, succinate, fumarate, 
cis-aconitate, lactate, malate, citrate, pyruvate, oxalacetate, a-ketogluta- 
rate, glycine, alanine, valine, leucine, isoleucine, serine, threonine, hydroxy- 

Taste IV 
Actirtly of Various Amines in Amide Synthesis 

The samples contained 0.1 m tris(hydroxymethy!)aminomethane buffer of pH 
70,001 MgsSO,, 0.01 HCN of pil 7, 0.05 L-glutamate, 0.02 amine, 0.006 
adenosine triphosphate, and 0.10 ml. of purified pigeon liver enzyme (62 y of N) 


in 1.0 ml. Temperature 30°; time 10 minutes. The figures given are micromoles 
per ml. of reaction mixture. 


System Phosphate liberated 
Glutamate + methylamine hydrochloride..... 2.02 


proline, cysteine, methionine, aspartate, phenylalanine, tyrosine, trypto- 
phan, histidine, arginine, lysine, and p-aminobenzoate. 

Amine— The ability of various amines to react with glutamate plus 
adenosine triphosphate was tested by taking advantage of the fact that in 
the absence of amines there occurs virtually no breakdown of adenosine 
triphosphate, while in the presence of a reactive amine inorganic phosphate 
is liberated. Ammonia, hydroxylamine, hydrazine, and methylamine were 
found to react at approximately the same rates (Table IV) and cysteine 
more slowly. ‘The following amines and amino acids gave negative results 
by this testing procedure: dimethylamine, trimethylamine, p-amino- 
benzoate, glycine, alanine, valine, leucine, isoleucine, serine, threonine, 
hydroxyproline, methionine, aspartate, phenylalanine, tyrosine, trypto- 
phan, histidine, arginine, and lysine. 

It has previously been indicated that the reaction product formed with 
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ammonia is glutamine, the y-amide of glutamic acid. Hydroxylamine | 
yields a substance giving a violet color with FeCls, characteristic of a hy. | 
droxamic acid, an N-substituted amide. It is very probable that all the 
amines effective in the testing procedure described above react in the same 


TaBLe V 
Competition of Amines in Amide Synthesis 
The samples contained 0.1 m tris(hydroxymethyl)aminomethane buffer of pH 
7.0, 0.01 m« MgSQ,, 0.04 « HCN of pH 7, 0.05 m L-glutamate, 0.02 m amine, 0.006 y 
adenosine triphosphate, and 0.10 ml. of purified pigeon liver enzyme (150 y of N) 


in 1.0 ml. Temperature 30°, time 10 minutes. The figures given are micromoles 
per ml. of reaction mixture. 


Hydroxam | Phosphate 
Amine formed liberated 
Hydroxylamine + ammonia... 1.09 3.16 
+ methylamine. 2.67 2.89 | 
VI 


Effect of Ammonia Concentration on Glutamine Synthesis 
The samples contained 0.1 m tris(hydroxymethyl)aminomethane buffer of pH 
7.5, 0.01 m MgSO,, 0.04 m HCN of pH 7.5, 0.05 u L-glutamate, NH,CI as indicated, 
0.006 m adenosine triphosphate, and 0.10 ml. of purified pigeon liver enzyme (@2 | 
y of N)in 1.0 ml. Temperature 30°; time 20 minutes. The figures given are micro- | 
moles per ml. of reaction mixture. 


NHAC! added | Glutamine formed Phosphate liberated 
0.0 | 0.27 0.14 
1.0 1.45 1.20 
3.0 3.08 3.20 | 
5.0 5.04 
10.0 5.25 5.34 | 
5.02 5.07 


way, and this supposition is supported by the observation that the other 
amines are competitive with respect to hydroxylamine. When added 
along with hydroxylamine, they depress hydroxamic acid formation, while 
total amide synthesis as measured by phosphate liberation proceeds at 4 
rate intermediate between those observed with the two amines separately 
(Table V). 


| 

| 

1 


3. P. SPECK | 1417 


The dissociation constants for reversible combination of ammonia or 
hydroxylamine with the enzyme are probably quite low. When the con- 
centration of amine is decreased, the rate of reaction is not diminished un- 
til the absolute quantity of amine limits stoichiometrically the extent of 
reaction. Illustrative data for ammonia are given in Table VI. 

Adenosine Triphosphate—Curves showing the relation between rate of 
amide synthesis and adenosine triphosphate concentration are given in 
Fig. 2. No amide is formed when adenosine triphosphate is omitted. 


HY¥DROXAMIC ACID 


PHOSPHATE 


MOLARITY OF ADENOSINE TRIPHOSPHATE 


Fic. 2. Effect of adenosine triphosphate concentration on the rate of amide syn- 
thesis and phosphate liberation. The samples contained 0.01 m MgSQ,, 0.04 m HCN 
of pH 7, 0.05 m L-glutamate, 0.4 m NH,OH of pH 7.0, adenosine triphosphate in the 
concentrations shown, and 0.10 ml. of purified pigeon liver enzyme (62 y of N) in 
10 ml. Temperature 30°, time 10 minutes. The figures given are micromoles per 
ml. of reaction mixture. 


Application of the method of Lineweaver and Burk (19) to such data gave 
an average value for the adenosine triphosphate-enzyme dissociation con- 
stant of 0.0025 m (three experiments, range 0.0020 to 0.0028 m). It is not 
practical in routine experiments to add sufficient adenosine triphosphate to 
saturate the enzyme (a concentration of at least 0.02 m would be required); 
instead the initial concentration of adenosine triphosphate was kept uni- 
form in samples which were to be compared. 

Adenosine-5-monophosphate and adenosine diphosphate cannot replace 
adenosine triphosphate in the usual test system, but adenosine diphosphate 
is active if the enzyme myokinase is added to convert it to adenosine 
triphosphate plus adenosine monophosphate (Table VII). Both adenosine 
diphosphate and adenosine monophosphate inhibit amide synthesis when 
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they are present along with adenosine triphosphate. Since it seemed 
likely that this represented a competitive inhibition, rates of reaction were 
determined for samples containing various concentrations of adenosine 
triphosphate in the presence and absence of different concentrations of aden- 
osine monophosphate and diphosphate, and the data were analyzed age. 
cording to Lineweaver and Burk (19). The results agreed with the hy- 
pothesis of competitive inhibition, and the dissociation constants for both 
adenosine monophosphate and adenosine diphosphate and the enzyme were 
estimated to be about 0.01 m. 


TaBie VII 


Effect of Adenosine Monophosphate and Adenosine Diphosphate on Amide 
Synthesis 


The samples contained 0.01 m MgSQ,, 0.04 mw HCN of pll 7, 0.05 m L-glutamate, 
0.4 wm NH,OH of pH 7.0, and 0.10 ml. of purified pigeon liver enzyme (62 y of N) ip 
1.0 ml. Adenine nucleotides were added in a concentration of 0.006 m. Tempera. 
ture 30°; time 10 minutes. The figures given are micromoles per ml. of reaction 
mixture. Myokinase was prepared according to Colowick and Kaleckar (11) and 
lyophilized. 


| 


Addition | acid Phosphate 
—| 
0.00 0.14 
Adenosine diphosphate.......... | 0.27 0.13 
+ 7 mg. myokinase.......... 1.84 1.52 
+ adenosine monophosphate. 2.74 2.16 
+ diphosphate... 2.54 1.51 


Magnesium Ions-——Addition of Mg** ions is essential for amide synthe 
sis. Variation of reaction rate with Mg** concentration is shown in Fig. 
3; a maximum rate is obtained with 0.01 m MgSO,. The curve is of such 
a shape as to suggest combination of more than one Mg** ion with each 
molecule of enzyme. Mnt* ions can replace Mgt* ions; the optimal con- 
centration of Mn** is 0.002 m and the maximum rate is only half that ob- 
tained with Mg**. 

Reducing Agents - Addition of cysteine, glutathione, or cyanide is neces 
sary to achieve maximum rates of amide formation with crude or purified 
liver enzyme preparations (Table VIII). Probably free sulfhydryl 
groups on the enzyme protein are essential for activity. Cyanide gives the 
most rapid reaction rates, and a concentration of 0.04 M is sufficient to 
produce a maximum effect. When a reducing agent is present, the reaction 
rate is the same with either air or nitrogen in the gas phase. In perform- 
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ing all enzyme experiments, the enzyme and reducing agent were mixed in 


an incomplete reaction system which was incubated for 5 minutes before 
adenosine triphosphate was added to start amide synthesis. 


HYDROXAMIC ACID 


30r 
PHOSPHATE 
0 0.005 0.030 0.015 0.020 


MOLARITY OF MgSOg 


Fio.3. Effect of Mg** concentration on the rate of amide synthesis and phosphate 
liberation. The samples contained MgSO, in the concentrations shown, 004 m 
HCN of pH 7, 0.05 m L-glutamate, 0.4 m NH,OH of plI 7.0,0.006 m adenosine tri- 
phosphate, and 0.10 ml. of purified pigeon liver enzyme (62 y of N) in 1.0 ml. 
Temperature 30°; time 10 minutes. The figures given are micromoles per ml. of 
reaction mixture. 


Taste VIII 
Effect of Reducing Agents on Amide Synthesis 
The samples contained 0.01 « MgSO,, 0.05 m L-glutamate, 0.4 mw NH,OH of pH 
7.0, 0.006 m adenosine triphosphate, reducing agents in a concentration of 0.04 m, 
and 0.13 ml. of purified pigeon liver enzyme (81 y of N) in 1.0 ml. Gas phase air; 
temperature 30°; time 10 minutes. The figures given are micromoles per ml. of 
reaction mixture. 


Reducing agen 
Cysteine........... 2.96 2.56 
Glutathione. ...__. 2.86 2.49 


pH—If hydroxylamine is added as the amine component and hydrox- 
amic acid formation is measured, the reaction occurs most rapidly when 
the pH of the buffer is 7.0 (Fig. 4). The rate falls off rapidly on the acid 
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side and more slowly on the alkaline side of this pH. When ammonia is 


the amine and glutamine synthesis is measured, the optimal pH lies be | 


tween 7.5 and 8.0. This difference may be related to the difference be. 
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Fic. 4. Effect of pH on the rate of amide synthesis. The hydroxamic acid san- | 


ples contained 0.01 MgSO,, 0.04 « HCN, 0.05 u-glutamate, 0.4 NH,OH at 
the pH shown, 0.006 mu adenosine triphosphate, and 0.10 ml. of purified pigeon liver 
enzyme (62 7 of N) in 1.0 ml. Temperature 30°; time 10 minutes. The glutamine 
samples contained 0.1 m buffer of the pH shown, 0.01 « MgSO,, 0.04 mu HCN, 0.6 
mM L-glutamate, 0.02 mw NH,C1, 0.006 m adenosine triphosphate, and 0.10 ml. of pur- 
ified pigeon liver enzyme in 1.0 ml. Temperature 30°; time 20 minutes. Tris(hy- 
droxymethy])aminomethane buffer was used up to pH 8 and 2-amino-2-methyl-13 
propanediol buffer (15) from pH 8.5 to 9.5. The figures given are micromoles per 
ml. of reaction mixture. 


tween the pK’ values of the two bases (5.9 for hydroxylamine and 9.4 for 
ammonia). 

Other Components—It is unlikely that other substances readily dissocis- 
ble from the enzyme protein are essential for glutamine synthesis by piged 
liver preparations. The enzyme may be dialyzed for long periods of time 
without inactivation, and during purification large losses of total activity 
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do not occur. In particular the cofactor containing pantothenic acid 
which is required for acetylation of sulfanilamide (20) and choline (21) is 
not involved in glutamine formation. Prolonged storage in the ice box 
or incubation for a few hours at room temperature does not reduce the 
activity of pigeon liver extracts in synthesizing glutamine, although such 
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Fic. 5. Kinetics of phosphate liberation during amide synthesis. The samples 
contained 0.1 m tris(hydroxymethy])aminomethane buffer of pH 7.0, 0.04 um HCN 
of pH 7, 0.01 m MgSO,, 0.05 m t-glutamate, 0.05 NH,OH of pH 7, 0.006 adeno- 
sine triphosphate, and the indicated quantities of purified pigeon liver enzyme in 
10ml. Temperature 30°; times as shown. The figures given are micromoles per ml. 
of reaction mixture. 


treatment completely abolishes the capacity for acetylation of sulfanila- 
mide by causing destruction of the coenzyme (22). 

Kinetics—The course of amide synthesis over a period of 30 minutes 
with different quantities of enzyme is represented in Fig. 5. Hydroxyl- 


* In a personal communication Dr. Fritz Lipmann has stated that addition of a 
purified preparation of his coenzyme A to dialyzed pigeon liver extracts does not 
accelerate hydroxamic acid formation from glutamate. 


1422 ENZYME SYNTHESIS OF GLUTAMINE 


amine was present as the amine, but only data for phosphate liberation from 
adenosine triphosphate are given. In this test system all the components 
except adenosine triphosphate are present in sufficient excess to saturate 
the enzyme protein for the whole reaction period. Calculations indicate 
that the reaction rate falls off too rapidly to be first order with respect to 
adenosine triphosphate. By use of the experimentally determined disgo. 
ciation constants and the concentrations of adenosine diphosphate (equal 
to the inorganic phosphate liberated) and of adenosine triphosphate (from 
the initial concentration by difference), the concentration of the adenosine 
triphosphate-enzyme complex at each time interval can be calculated, but 
the observed reaction rates decline more rapidly than the concentration of 


Tasie IX 
Effect of Sodium Fluoride on Amide Synthesis 
The samples contained 0.01 Mg£O,, 0.04 a1 HCN of pli 7, 0.05 1-glutamate, 
0.2m NH,OH of pH 7.0, 0.006 m adenosine triphosphate, sodium fluoride as indicated, 
and 0.10 ml. of purified pigeon liver enzyme (62 y of N) in 1.0 ml. Temperature 
30°; time 10 minutes. The figures given are micromoles per ml. of reaction mixture. 


NaF added Hydroxamic acid formed Phosphate liberated 
0.0 3.94 3.30 
0.0001 3.55 2.73 
0.0003 2.61 2.22 
0.001 1.55 1.07 
0.003 0.64 0.35 
0.01 0.39 0.06 
0.03 0.42 0.07 


this complex. A simple formulation of the kinetics is not apparent at 
present. 

The variation of reaction rate with temperature was studied over the 
range 10-40°, with phosphate liberation in a system containing hydroxy!- 
amine as a measure of rate. The following temperature coefficients (Qy) 
were observed: 3.1 for the temperature interval 10-20°, 2.1 for the interval 
20-30°, and 1.8 for the interval 30~40°. 

Inhibitors—The formation of amide by pigeon liver enzyme preparations 
is strongly depressed by sodium fluoride in low concentrations. _IIlustra- 
tive data are given in Table IX. The inhibition is apparent with 0.000! 
m fluoride and is nearly complete with 0.01 m fluoride. The inhibitory 
action of sodium fluoride on glutamine synthesis in fresh pigeon liver dis 
persions (2) is probably a result of this specific effect on the linking d 
glutamate and ammonia. 

Methionine sulfoxide was found by Waelsch et al. (9) to inhibit the 
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growth of lactobacilli; the inhibition could be overcome by addition of 


large amounts of glutamate or small amounts of glutamine, and it was 

that methionine sulfoxide acts as a competitive inhibitor for the 
formation of glutamine from glutamate. Mcllwain ef al. (23) have shown 
that methionine sulfoxide prevents formation of glutamine by strepto- 
cocci. Recently Elliott and Gale (24) have demonstrated directly that 
methionine sulfoxide is a competitive inhibitor with respect to glutamate 
for the formation of glutamine from glutamate, ammonia, and adenosine 
triphosphate in extracts of staphylococci. pi-Methionine sulfoxide also 
depresses the synthesis of glutamine by purified pigeon liver preparations. 
Experiments with varying concentrations of glutamate and methionine 
sulfoxide were run, and, analysis of the results by the method of Lineweaver 
and Burk (19) showed that methionine sulfoxide was competing with glu- 
tamate for combination with the enzyme. The effects are much smaller 
than those observed with the bacterial extracts; with pigeon liver enzyme 
0.09 m pt-methionine sulfoxide in the presence of 0.01 m L-glutamate causes 
50 per cent inhibition, while with staphylococcus extracts 0.011 m methio- 
nine sulfoxide in the presence of 0.033 mM L-glutamate causes 72 per cent 
inhibition. This variation results from differences in the dissociation con- 
stants for the glutamate and methionine sulfoxide complexes of the two 
enzyme proteins. With purified pigeon liver enzyme the dissociation con- 
stant for L-glutamate is 0.0027 m and for pt-methionine sulfoxide about 
0.03 m. From the graph given by Elliott and Gale (24) the dissociation 
constants for the staphylococcus enzyme can be estimated as 0.03 m for 
L-glutamate and 0.002 m for methionine sulfoxide. The lower dissociation 
constant for methionine sulfoxide and the higher constant for glutamate 
should make the bacterial enzyme much more susceptible to competitive 
inhibition than the pigeon liver enzyme. 

Crystal violet has been reported to inhibit glutamate metabolism in 
Gram-positive cocci (25) and glutamine synthesis in extracts of Staphylo- 
coccus aureus (24), and it was found to depress glutamine formation in 
fresh pigeon liver dispersions (2). In concentrations up to 0.001 a this dye 
does not affect the rate of glutamine synthesis in pigeon liver extracts, al- 
though such concentrations completely inhibit amide formation in pigeon 
liver dispersions or bacterial extracts. Probably crystal violet depresses 
glutamine synthesis in pigeon liver dispersions by interfering with the sup- 
ply of oxidative energy available through respiration, since oxygen uptake 
is also inhibited. The difference between extracts of pigeon liver and of 
bacteria in sensitivity to crystal violet presumably is due to differences in 
the enzyme proteins, since the reactions catalyzed by the two preparations 
are the same (adenosine triphosphate, glutamate, and ammonia, reacting 
in the presence of Mg** ions and reducing agents to give glutamine). 
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Distribution of Enzyme Activity—Acetone powders of brain, liver, and. 


kidney of various species were extracted with bicarbonate solutions and 
tested for activity by the hydroxamic acid procedure. Single batches of 
these powders, sometimes rather old, were used; so that for the most part 
quantitative comparisons of activity could not be made. Some activity 
was found in all the acetone powders tested; these included pigeon liver 
and brain, rat liver, kidney, and brain, guinea pig liver, kidney, and brain, 
rabbit liver, kidney, and brain, cat liver, kidney, and brain, beef liver, and 
pig liver. When comparable powders of different tissues from a single 
species were available, it was found that brain gave more active enzyme 
preparations than did liver or kidney (except for the pigeon). Pigeon liver 
powder was the best source of enzyme in terms of total activity per unit 
weight of powder or of activity per unit of extracted protein. The various 
acetone powder extracts also caused hydrolysis of adenosine triphosphate, 
but those preparations which formed hydroxamic acid readily also split in- 
organic phosphate from adenosine triphosphate more rapidly when the 
components of the amide-synthesizing system (glutamate plus hydroxyla- 
mine) were present than when they were omitted. This observation, to- 
gether with the fact that no hydroxamic acid was formed when adenosine 
triphosphate was not added, indicates that the enzymes from other sources 
catalyze the same sort of reaction between adenosine triphosphate, gluta- 
mate, and amine that has been demonstrated for the pigeon liver enzyme. 


DISCUSSION 


These studies show that the synthesis of glutamine in enzyme prepara- 
tions from pigeon liver involves a reaction between glutamate, ammonia, 
and adenosine triphosphate, in the presence of magnesium ions, to form 
the amide, adenosine diphosphate, and inorganic phosphate. Adenosine 
triphosphate supplies the energy necessary for the synthesis of the amide 
linkage by participating stoichiometrically in the reaction. Similar en- 
zyme activity is found in brain, liver, and kidney of a number of verte- 
brates. Elliott (26) has described a similar reaction system for glutamine 
synthesis, using acetone-dried sheep brain as the source of enzyme, and 
Elliott and Gale (24) have obtained extracts of Staphylococcus aureus 
which bring about the same reaction. It is likely that an analogous mech- 
anism is utilized in the synthesis of glutamine and asparagine in plants. 

The enzymatic synthesis of glutamine shows interesting similarities to 
the synthesis of acetylcholine (27, 28) and of sulfanilamide (22, 29). In 
these reactions adenosine triphosphate is utilized as the source of energy 
for the formation of an amide or ester linkage. In all cases the enzymes 
are found in extracts of acetone powders, and reducing agents must be 
added for maximum activity. However, there are significant differences 
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among these systems. Mg** ions are necessary for the synthesis of gluta- 
mine and of acetylcholine (30) but not of acetyl sulfanilamide (22). A co- 
factor containing pantothenic acid is required for the acetylation reactions 
(20, 21) but not for glutamine formation. 

Utilization of the energy of adenosine triphosphate for the synthesis of 
amide linkages seems to be a reaction of general importance. In addition 
to glutamine and acety! sulfanilamide, p-aminohippuric acid (31) and hip- 
puric acid (32) are probably formed in this way. Such a mechanism is also 
a plausible one for the synthesis of true peptide bonds between amino 
acids. 


SUMMARY 


Purified extracts of acetone-dried pigeon liver catalyze a stoichiometric 
reaction between adenosine triphosphate, glutamate, and ammonia, in the 
presence of Mg*t* ions, to form glutamine, adenosine diphosphate, and in- 
organic phosphate. ‘The preparation and some of the properties of the 
enzyme are described. The stoichiometry of the reaction is shown by 
measurements of amide formation, ammonia utilization, inorganic phos- 
phate liberation, and H* ion formation. 

In this system other carboxylic acids than glutamic acid do not form 
amides. Hydroxylamine, hydrazine, and methylamine can be substituted 
for ammonia; a hydroxamic acid is formed when hydroxylamine is present. 
Adenosine monophosphate and adenosine diphosphate cannot replace ade- 
nosine triphosphate in amide synthesis. Mn** ions can be substituted for 
Mgt ions. Reducing agents such as cyanide or sulfhydryl compounds 
must be added to obtain maximum rates of reaction. 

Synthesis of glutamine is strongly depressed by low concentrations of 
sodium fluoride. High concentrations of methionine sulfoxide inhibit com- 
petitively with respect to glutamate. 

Similar enzyme activity is found in acetone powder extracts of brain, 
liver, and kidney of a number of vertebrates. 


It is a pleasure to acknowledge the assistance of Mrs. Mary Bandurski 
and Mrs. Anna-May McCreedy in performing these experiments. 
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Glazko, McGinty, Dill, Wilson, and 
Ward, 409 
Glazko and Dill, 417 
Determination, chemical, Dill and 
Glazko, 395 
Metabolism, radioactive carbon in 
study, Glazko, McGinty, Dill, Wil- 
son, and Ward, 409 
Tissue enzymes, effect, Glazko and 
Dill, 417 
Tissues, Glazko and Dill, 403 
Urine excretion, Glazko and Dill, 403 
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Egg: White, inhibitor, influenza virus 
hemagglutination, Lanni, Sharp, Ec- 
kert, Dillon, Beard, and Beard, 1275 

preparation and properties, 
Lanni, Sharp, Eckert, Dillon, Beard, 


and Beard, 1275 
Yolk, livetin, electrophoresis, Shepard 
and Hottle, 349 


Enzyme(s): Arginine synthesis from cit- 
rulline, mechanisin, Ratner and Pap- 
pas, 1183 

Citric acid synthesis, acetate and 
oxalacetate condensation, Stern and 
Ochoa, 491 

Galactose transformation into glucose 
derivatives, role, Caputto, Leloir, 
Trucco, Cardini, and Paladini, 497 

Glutamine synthesis, adenosine tri- 
phosphate, relation, Speck, 1405 

Kidney, Hanson and Smith, 789 

Mucolytic-, systems, Wattenberg and 


Glick, 1213 
Phospho(enol)pyruvate equilibrium, 
Meyerhof and Oesper, 1371 
Tissue, diphenhydramine degradation, 
Glazko and Dill, 417 


Xanthine and xanthopterin oxidation 
by pteridines, effect, Hofstee, 633 
See also Adenosinetriphosphatase, 
Amidase, etc. 
Erythrocyte: See Blood cell, red 
Escherichia coli: Bacteriophage T,, puri- 
fication and properties, Putnam, 
Kozloff, and Neil, 303 
Maltose utilization, Doudoroff, Hassid, 
Putman, Potter, and Lederberg, 921 
Esterase: Choline. See Cholinesterase 
Trypsin and chymotrypsin, diisopropyl 
fluorophosphate effect, Jansen, Nut- 
ting, Jang, and Balls, 189 
—, kinetics, Schwert and Eisenberg, 665 
Estradiol: a-, metabolism in vitro, Pearl- 


man and DeMeio, 1141 
Estrogen(s): Synthetic, metabolism, 
Starnes and Teague, 43 


Urine sulfur partition, administration 
effect, Starnes and Teague, 43 
Ethionine: Sulfur-containing amino 


acids and choline and, growth effect, 
Stekol and Weiss, 1049 
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Fatty acid(s): Artery, formation in 
vitro, C'* and P*® as indicators, 
Chernick, Srere, and Chaikoff, 113 
Oxidation, liver mitochondria, Ken- 
nedy and Lehninger, 957 
Synthesis, acetate utilization, Pon- 
ticorvo, Rittenberg,and Bloch, 839 
Fibrin: Electron microscopy, Hall, 857 

Fibrinogen: Electron microscopy, Hall, 


857 
Folic acid: Conjugate, yeast, extraction, 
Greene, 1075 


See also Pteroylglutamic acid 
Fumaric acid: Tissues, determination, 
chromatographic, Marshall, Orten, 
and Smith, 1127 


G 


Galactose: Distribution, nephrectomy, 
insulin effect, Levine, Goldstein, 
Klein, and Huddlestun, 985 

Glucose derivatives from, enzymatic 
transformation, Caputto,  Leloir, 
Trucco, Cardini, and Paladini, 497 

Glucomutase: Phospho-, Jagannathan 

and Luck, 561, 569 
—, mechanism of action, Jagannathan 
and Luck, 569 
Sutherland, Posternak, and Cort, 501 
—, purification and properties, Jagan- 


nathan and Luck, 561 
Glucose: Blood sugar, insulin injection 
and, effect, Somogyi, 1289 


Carbon-labeled, metabolism,  dia- 
phragm, in vitro, Villee and Has- 
tings, 673 

Derivatives, galactose transformation 
to, enzymatic, Caputto, Leloir, 
Trucco, Cardini, and Paladini, 497 

Labeled, lipogenesis, hepatectomy, 
Masoro, Chaikoff, and Dauben, 1117 

Lipogenesis, hepatectomy, C' in 
study, Masoro, Chaikoff, and Dau- 
ben, 1117 

Glutamic acid: Lactobacillus arabinosus, 
utilization, Camien and Dunn, 935 
Pteroyl. See Pteroylglutamic acid 


Glutamine: Synthesis, enzymatic, aden- 

osine triphosphate, relation, Speck, 

1405 

—, liver, Speck, 1387 

Glutaric acid: a,y-Diamino-8-hydroxy-, 

Carter, Loo, and Rothrock, 1027 
Glutathione: Synthesis, liver, Bloch, 


1245 
—, — extracts, cell-free, Johnston and 
Bloch, 493 


Glyceric acid: Phospho-, mutase, mech- 
anism of action, Sutherland, Pos- 
ternak, and Cori, 501 

Glycine: Hemoglobin biosynthesis, util- 
ization, Grinstein, Kamen, and 
Moore, 359 

Metabolism, parenteral administration 
effect, Handler, Kamin, and Harris, 
283 

Nitrogen'’-containing, polynucleotide 
purines, nitrogen turnover, use in 
study, Reichard, 773 

Glycogen: Origin, C'*‘-labeled carbon di- 
oxide, acetate, and pyruvate in 
study, Topper and Hastings, 1255 

Glycolysis: Brain, amino acid amides 
and esters, effect, Krimsky and 
Racker, 903 

Growth: Ammonium nitrogen effect, 
Lardy and Feldott, 509 

Cystathionine diketopiperazines, ef- 
fect, Stekol and Weiss, 1057 
Ethionine and sulfur-containing amino 
acids and choline, effect, Stekol and 


Weiss, 1049 
Homolanthionine diketopiperazines, 
effect, Stekol and Weiss, 1057 
Lima bean fraction, effect, Tauber, 
Kershaw, and Wright, 1155 
Methionine diketopiperazines, effect, 
Stekol and Weiss, 1057 
Tetrahymena geleii, Rockland and 
Dunn, 511 
H 


Heme: Synthesis, polycythemia vera 
and anemia, London, Shemin, West, 
and Rittenberg, 463 


| 


ao 


SUBJECTS 


Hemoglobin: Biosynthesis, glycine util- 


ization, Grinstein, Kamen, and 
Moore, 359 
Derivatives, hyaluronidase, effect, 
Wattenberg and Glick, 1213 


Metabolism, porphyria, isotopes in 
study, Grinstein, Aldrich, Hawkin- 
son, and Watson, 983 

Hepatectomy: Lipogenesis from glucose, 
C' in study, Masoro, Chaikoff, and 
Dauben, 1117 

Homogentisic acid: Preparation, chem- 
ical, Abbott and Smith, 365 

Homolanthionine: Diketopiperazines, 
growth, effect, Stekol and Weiss, 1057 

Sulfur**-containing, conversion to S*5- 


cystine, Siekol and Weiss, 67 
Hyaluronidase: Blood serum fractions, 
Moore and Harris, 377 
Body fluids, effect, Wattenberg and 
Glick, 1213 
Hemoglobin derivatives, effect, Wat- 
tenberg and Glick, 1213 
Steroids, effect, Wattenberg and Glick, 
1213 

Tissue extracts, effect, Wattenberg 
and Glick, 1213 
Hydramine: Diphen-. See Diphenhy- 


dramine 
Hydrogen ion concentration: Blood plas- 
ma, determination, Van Slyke, Wei- 


siger, and Van Slyke, 743 
Urine, determination, Van Slyke, Wet- 
siger, and Van Slyke, 757 
Hydrogen peroxide: Ethyl, catalase 
compounds, Chance, 1331, 1341 
—,—-—, kinetics and activity, Chance, 
1341 

—,——, spectra, Chance, 1331 
Methyl, catalase compounds, Chance, 
1331, 1341 

—,—-—., kinetics and activity, Chance, 
1341 

—, — —, spectra, Chance, 1331 


Hydroxyindole(s): 6-, polymerization, 
melanin formation, relation, Morton 
and Slaunwhite, 259 

Hydroxy-17-ketosteroid(s): 38-, hydro- 
chloric acid hydrolysis effect, Bitman 
and Cohen, 455 
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Hydroxy-20-ketosteroid(s): 17a-, prep- 
aration, Kritchevsky and Gallagher, 
507 

Hydroxyprogesterone: 17a-, preparation, 
Kritchevsky and Gallagher, 507 
Hydroxyvaline: 8-, determination, Ste- 
vens and Halpern, 389 


Indole(s): 6-Hydroxy-, polymerization, 
melanin formation, relation, Morton 


and Slaunwhite, 259 
Indole-3-acetic: acid-a-C": Synthesis, 
Heidelberger, 139 


Influenza: Virus, hemagglutination, egg 
white inhibitor, Lanni, Sharp, Eck- 
ert, Dillon, Beard,and Beard, 1275 

—, preparation and properties, Lanni, 
Sharp, Eckert, Dillon, Beard, and 


Beard, 1275 
Insulin: Amino acid metabolism, réle, 
Lotspeich, 175 


Blood sugar, effect, Somogyi, 217 
— —, glucose feeding, and, effect, 


Dinitrophenyl, peptides, isolation, en- 
zyme digests, Woolley, 593 


Galactose distribution, nephrectomy, 
effect, Levine, Goldstein, Klein, and 
Huddlestun, 985 

Intestine: Phosphatase, amino acids with 
magnesium and cobalt, effect, Bo- 
dansky, 81 

Iodoacetamide: Blood serum protein co- 
agulation, effect, Huggins and Jen- 
sen, 645 

Iodoacetate: Blood serum protein co- 
agulation, effect, Huggins and Jen- 
sen, 645 

Isotope(s): Hemoglobin metabolism, 
porphyria, use in study, Grinstein, 
Aldrich, Hawkinson, and Watson, 

983 

Porphyrin metabolism, porphyria, use 
in study, Grinstein, Aldrich, Hawk- 
inson, and Watson, 983 


J 


Jervine: Rubi-, chemical constitution, 
Salo and Jacobs, 623 


| 
| 
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Ketosteroid(s): 17a-Hydroxy-20-, prep- 
aration, Kritchevsky and Gallayher, 
507 

38-Hydroxy-17-, hydrochloric acid hy- 
drolysis effect, Biiman and Cohen, 


455 

Kidney: Carnosinase, Hanson and 
Smith, 789 
Cortex extracts, citrate formation, 
Kalnitsky, 1015 


Extracts, dihydroxyphenylalanine me- 
tabolism, Clegg and Sealock, 1037 
Phosphorylation, azide effect, Loomis 
and Lipmann, 503 
See also Nephrectomy 
Kynurenic acid: Tryptophan conversion 
to, in vivo, Heidelberger, Gullberg, 
Morgan, and Lepkovsky, 143 
Kynurenine: Tryptophan conversion to, 


- 


in vivo, Heidelberger, Gullberg, Mor- — 


gan, and Lepkovsky, 143 


L 


Lactobacillus arabinosus: Bicarbonate 
utilization, biotin réle, C'* in study, 
Lardy, Potter, and Burris, 721 

p-Glutamic acid utilization, Camien 
and Dunn, 935 

Lactobacillus bifidus: Desoxyriboside 
requirement, vitamin By; relation, 
Tomarelli, Norris, and Gyérgy, 485 

Lactobacillus brevis: Protein hydroly- 
sates, proline determination, use, 
Dunn, McClure, and Merrifield, 11 

Lactobacillus lactis: Nutrition, Kodit- 
schek, Hendlin,and Woodruff, 1093 

Lanthionine: Homo-, diketopiperazines, 
growth, effect, Siekol and Weiss, 1057 

Sulfur**-containing, conversion to S**- 
cystine, Sickol and Weiss, 67 

Lima bean. See Bean 

Lipide(s): Phospho-. See Phospholipide 

Lipogenesis: Glucose, hepatectomy, C™ 
in study, Masoro, Chaikof{, and Dau- 
ben, 1117 

Lipoprotein(s): Blood serum, ultracen- 
trifugation, Gofman, Lindgren, and 
Elisott, 973 


INDEX 


Liver: Acetone metabolism, Borek and 


Rittenberg, 843 
Extracts, cell-free, glutathione syn. 


thesis, Johnston and Bloch, 493 
Glutamine synthesis, Speck, 1387 
Glutathione synthesis, Bloch, 1245 


Homogenates, arginine synthesis from 
citrulline, Ratner and Pappas, 1199 
Mitochondria, fatty acid and triear. 
boxylie acid intermediates, oxida. 
tion, Kennedy and Lehninger, 957 
Peptide, Borsook, Deasy, Haagen. 
Smit, Keighley, and Lowy, 705 
Protein, labeled lysine incorporation, 
Borsook,  Deasy, Haagen-Smit, 
Keighley, and Lowy, 684 
—, radioactive carbon dioxide and 
acetate incorporation in vitro, Anfin- 
sen, Beloff, and Solomon, 100! 
Riboflavin, N,N-dimethy]-p-aminoben- 
zene destruction, effect, Kensler, 1079 
Tyrosine oxidation, pteroylglutamic 
acid réle, Rodney, Swendseid, and 


Swanson, 19 
Xanthine oxidase, diet effect, Schmitt 
and Petering, 489 


See also Hepatectomy 
Livetin: Egg yolk, electrophoresis, Shep- 
ard and Hottle, 349 
Lymph: Extract, lymphatic tissue, 
physicochemistry, Harris, Moore, 
and Farber, 369 
Lymphocyte(s): Agglutination, Ludewig 
and Chanutin, 271 
Extracts, lymphatic tissue, physico 
chemistry, Harris, Moore, 
Farber, 369 
Lysine: Labeled, liver protein homo- 
genate, incorporation, Borsook, 
Deasy, Haagen-Smit, Keighley, and 
Lowy, 689 


Magnesium: Bone phosphatase, amino 
acids with, effect, Bodansky, $1 

— sarcoma phosphatase, amino acids 
with, effect, Bodansky, 81 
Intestine phosphatase, amino acids 
with, effect, Bodansky, 8] 
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Maltose: Escherichia coli, utilization, 
Doudoroff, Hassid, Putman, Potter, 


and Lederberg, 921 | 
Mannosidostreptomycin: Determina- | 
tion, chemical, Perlman, 1147 


Melanin: Formation, 6-hydroxyindole 


polymerization, relation, Morton and 
Slaunwhite, 259 
Methionine: v-, radioactive, resolution, 
Wood and Gutmann, 535 
Diketopiperazines, growth, effect, Sle- 
kol and Weiss, 1057 
Methylating compound(s): Animal pro- 
tein factor, effect, Gillis and Norris, 
487 
Methyl-1,4-naphthoquinone: 2-, photo- 
chemistry, Davis, Mathis, Howton, 
Schneiderman, and Mead, 383 
Methylnicotinamide: 6-pyridone, 
urine, determination, fluorometric, 
Rosen, Perlzweig, and Leder, 157 
Mitochondria: Liver, fatty acid and tri- 
carboxylic acid intermediates, oxida- 
tion, Kennedy and Lehninger, 957 
Mold: See also Neurospora 
Muscle: Adenosinetriphosphatase and 
phosphatase, vitamin FE, effect, Carey 


and Dziewiatkowski, 119 
Phosphorylase, crystalline, /estrin, 


See also Diaphragm 
Mutase: Phosphogluco-, Jagannathan 


and Luck, 561, 569 
—, Mechanism of action, Sutherland, 
Posternak, and Cori, 50! 


Phosphoglyceric acid, mechanism 
of action, Sutherland, Posternak, and 
Cori, 501 

Myoglobin: Absorption spectra and ex- 
tinction coefficients, Bowen, 235 


N 


Naphthindan-2 ,3 ,4-trione hydrate: 
peri-, a-amino acid determination, 
micro-, use, Moubasher and Awad, 

915 

Naphthoquinone: 2-Methyl-1,4-, photo- 
chemistry, Davis, Mathis, Howton, 
Schneiderman, and Mead, 383 


Nephrectomy: Galactose distribution, 
insulin effect, Levine, Goldstein, 
Klein, and Huddlestun, 985 
Neurospora: Anthranilic acid metabo- 
lism, isotopic carbon in study, Nyc, 
Mitchell, Leifer, and Langham, 783 
Neurospora crassa: Biotin determina- 
tion, oleic acid effect, Hodson, 49 
Niacin: Carbon'‘-labeled, cathode rays, 
effect, Goldblith, Proctor, Hogness, 
and Langham, 1163 
Nicotinamide: \'-Methyl-, 6-pyridone, 
urine, determination, fluorometric, 
Rosen, Perlzweig, and Leder, 157 
Nicotinic acid: Tryptophan conversion 
to, in vivo, Heidelberger, Gullberg, 


Morgan, and Lepkovsky, 143 | 
Heidelberger, Abraham, and Lep- 
kovsky, 151 
Nitrogen: Ammonium, growth, effect, 
Lardy and Feldott, 509 
Polynucleotide purines, turnover, gly- 
cine N® use, Reichard, 773 
Nucleic acid: Ribo-, ribonucleoside prep- 
aration from, Reichard, 763 


Nucleoside(s): Ribo-, preparation from 
ribonucleic acid, Reichard, 763 
Nucleotide(s): Poly-, purines, nitrogen 
turnover, glycine N'* use, Reichard, 

773 


Oleic acid: Biotin determination with 
Neurospora crassa, effect, Hodson, 

49 

Orotic acid: Pyrimidine precursor, Ar- 
vidson, Eliasson, Hammarsten, Rei- 
chard, von Ubisch, and Bergstrim, 
169 

Oxalacetate: Citric acid synthesis, enzy- 
matic, relation, Stern and Ochoa, 


491 

Oxidase: p-Aspartic, Still, Buell, Knoz, 
and Green, 831 
Cytochrome, determination, colorimet- 
ric, Smith and Stotz, 891 
Phenol, plant, determination, colori- 
metric, Smith and Stotz, 865 


Xanthine, liver, diet effect, Schmitt 
and Petering, 489 


| 
| 
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Oxygen: Uptake, measurement, carbon 
dioxide pressure, effect, Pardee, 1085 


P 
Pancreas: Carboxypeptidase, Smith and 
Hanson, 803 
Protease, molecular size and shape, 
Schwert, 655 
Papain: pi-Tryptophan resolution, Han- 
son and Smith, 815 
Penicillin: Staphylococcus aureus labile 
phosphate, effect, Park and Johnson, 
585 
Peptidase: Carboxy-, optical specificity, 
Hanson and Smith, 815 
—, pancreas, Smith and Hanson, 803 
Peptide(s): Dinitrophenyl insulin and 
dinitrophenyl trypsinogen, enzyme 
digests, isolation, Woolley, 593 
Liver, Borsook, Deasy, Haagen-Smit, 
Keighley, and Lowy, 705 
Peroxidase: Plant, determination, col- 


orimetric, Smith, Robinson, and 
Stotz, 
Peroxide: Catalase-, complexes, com- 


position, Chance, 1311 
Phenol(s): p-Cresol and, urine, deter- 
mination, Schmidt, 211 
Oxidase, plant, determination, colori- 
metric, Smith and Stotz, 865 
Urine, Schmidt, 211 
Phenylalanine: Dihydroxy-, metabo- 
lism, kidney extracts, Clegg and 
Sealock, 1037 
-Low diet, §8-2-thienylalanine effect, 
Ferger and du Vigneaud, 61 
Pheoporphyrin: Chlorophyll c, Granick, 
505 

Phosphatase: Adenosinetri-, muscle, vi- 
tamin E deficiency, Carey and Dzie- 
-wiatkowski, 119 
Bone, amino acids with magnesium and 
cobalt, effect, Bodansky, 81 

— sarcoma, amino acids with magne- 
sium and cobalt, effect, Bodansky, 

81 

Intestine, amino acids with magnesium 
and cobalt, effect, Bodansky, 81 
Muscle, vitamin E deficiency, Carey 
and Deiewiatkowski, 119 


INDEX 


Phosphate: Labile, Staphylococcus aur. 
eus, penicillin effect, Park and John. 
son, 585 

Propionibacterium pentosaceum me. 
tabolism, effect, Barker and Lip- 
mann, 247 

Phospho(enol)pyruvate: Enzyme equi- 
librium, Meyerhof and Oesper, 1371 

Phosphoglucomutase: Jagannathan and 
Luck, 561, 569 

Mechanism of action, Sutherland, Pos. 
ternak, and Cori, 501 
Jagannathan and Luck, 569 

Purification and properties, Jagan. 
nathan and Luck, 56] 

Phosphoglyceric acid: Mutase, mechs- 
nism of action, Sutherland, Poster. 
nak, and Cori, 501 

Phospholipide(s): Artery, formation in 
vitro, C and P* as_ indicators, 
Chernick, Srere, and Chaikoff, 113 

Phosphorus: Radioactive, artery fatty 
acid and phospholipide formation 
in vitro, indicator, Chernick, Srere, 


and Chaikoff, 113 
Phosphorylase: Crystalline, musele, 
Hestrin, 943 


Phosphorylation: Kidney azide effect, _ 
03 


Loomis and Lipmann, 


Piperazine(s): Diketo-, cystathionine, 


homolanthionine, and methionine, 
growth effect, Stekol and Weiss, 105 
Plant: Peroxidase, determination, colori- 
metric, Smith, Robinson, and Stolz, 

Phenol oxidase, determination, colori- 
metric, Smith and Stlotz, 865 
Sugars, labeled carbon distribution, 
Gibbs, 4% 
Polycythemia vera: Heme synthesis and 
red blood cell dynamics, London, 
Shemin, West, and Rittenberg, 


Polynucleotide(s): Purines, nitrogen 
turnover, glycine N* use, Reichard, 
773 


Porphyria: Porphyrin and hemoglobia 
metabolism, isotopes in study, Grix 
stein, Aldrich, Hawkinson, and Wat 


| 
| 


SUBJECTS 


Porphyrin: Metabolism, porphyria, iso- 


Hawkinson, and Watson, 
Pheo-, chlorophyll c, Granick, 
Proto-, synthesis, acetate utilization, 
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Pteridine(s): Xanthine oxidation, enzy- 
topes in study, Grinstein, Aldrich, | 


983 
505 


4 


Ponticorvo, Rittenberg, and Bloch, 
Progesterone: 17-Hydroxy-, prepara- 


tion, Kritchersky and Gallagher, 507 
Proline: Protein hydrolysates, determi- 
nation, Lactobacillus brevis use, 
Dunn, McClure, and Merrifield, 11 
Propionibacterium pentosaceum: Me- 
tabolism, phosphate effect, Barker 
and Lipmann, 247 
Protease: Pancreatic, molecular size and 
shape. Schwert, 655 
Protein (s): Blood serum, acetic acid ef- 
fect, Perlmann and Kaufman, 133 

— —, coagulation, heat, Huggins and 
Jensen, 645 

— —, —, sulfhydryl groups, iodoace- 
tate, and iodoacetamide effect, Hug- 
gins and Jensen, 645 

—, transfer, Hansen and Phiilips, 523 
Colostrum, Hansen and Phillips, 523 
Factor, animal, methylating com- 
pounds, effect, Gillis and Norris, 
487 

Hydrolysates, proline determination, 
Lactobacillus brevis use, Dunn, Mc- 
Clure, and Merrifield, 11 
Lipo-, blood serum ultracentrifugation, 
Gofman, Lindgren, and Elliott, 973 
Liver, labeled lysine incorporation, 
Borsook, Deasy, Haagen-Smit, 
Keighley, and Lowy, 689 
—, radioactive carbon dioxide and 
acetate incorporation in vitro, An- 
jinsen, Beloff, and Solomon, 1001 
Proteinase: Trypsin and chymotrypsin, 
diigopropy! fluorophosphate effect, 
Jansen, Nutting, Jang, and Balls, 
189 
Proto porphyrin: Synthesis, acetate utili- 
ation, Ponticorvo, Rittenberg, and 


Bloch, 839 
Prbtesoa: See also Tetrahymena, Trypa- 


nosoma 


matic, effect, Hofstee, 
Xanthopterin oxidation, enzymatic, 
effect, Hofstee, 633 
Pterin(s): Pteroylglutamic acid-related, 
blood, effect, Swendseid, Wittle, 
Moersch, Bird, and Brown, 1175 
Pteroylglutamic acid: Liver tyrosine oxi- 
dation, réle, Rodney, Swendseid, and 
Swanson, 19 
-Related pterins, blood, effect, Swend- 
seid, Wittle, Moersch, Bird, and 
Brown, 1175 
See also Folic acid 
Purine(s): Chromatography, Daly and 
Mirsky, 981 
Polynucleotides, nitrogen turnover, 
glycine N'® use, Reichard, 773 
Substituted, biological activity, Kid- 


633 


der and Dewey, 181 
Pyridoxal-3-phosphate: Codecarboxyl- 
ase, relation, Umbreit and Gunsalus, 
279 

Pyrimidine (s): 


Chromatography, Daly 
and Mirsky, 981 
Orotic acid as precursor, Arvidson, 
Eliasson, Hammarsten, Reichard, 
von Ubisch, and Bergstrém, 169 
Pyruvate: Carbon-labeled, glycogen 
origin, use in study, Topper and 
Hastings, 1255 
Phospho(enol)-, enzyme equilibrium, 
Meyerhof and Oesper, 1371 


Ray: Cathode. See Cathode ray 
Riboflavin: Liver, N,N-dimethyl-p- 
aminoazobenzene destruction, effect, 
Kensler, 1079 
Ribonucleic acid: Ribonucleoside prep- 
aration from, Reichard, 763 
Ribonucleoside(s): Preparation from ri- 
bonucleic acid, Reichard, 763 
Riboside: Desoxy-, Lactobacillus bifidus 
requirement, vitamin By, relation, 
Tomarelli, Norris, and Gyérgy, 485 
Rubijervine: Chemical constitution, 
Sato and Jacobs, 623 
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Sarcoma: Bone, phosphatase, amino Tooth: 


acids with magnesium and cobalt, 


effect, Bodansky, 81 | 


choline 


Serine: §8-Carbon formation, 
methyl groups, relation, Sakami, 
495 
Staphylococcus aureus: Phosphate, la- 
bile, penicillin effect, Park and 
Johnson, 5S5 
Steroid (s): 3a, lla-Dihydroxy-l7a-,syn- 
thesis, Marshall and Gallagher, 1265 
Hyaluronidase, effect, Waitenberg and 
Glick, 1213 
38-Hydroxy-17-keto-. hydrochloric acid 
hydrolysis effect, Bi‘man and Cohen, 
455 
Streptamine: Degradation products, 
Carter, Loo, and Rothrock, 1027 
Streptomycin: Mannosido-, determina- 
tion, chemical, Perlman, 1147 
Sugar(s): Blood. See Blood sugar 
Plant, labeled carbon distribution, 
Gibbs, 499 
Sulfhydryl group(s): Blood serum pro- 
tein coagulation, effect, Huggins 
and Jensen, 645 
Sulfur: -Containing amino acids with 
ethionine, growth effect, Stekol and 
Weiss, 1049 
Partition, urine, estrogen administra- 
tion effect, Starnes and Teague, 43 
Radioactive, cystine preparation, use, 
Wood and Van Middlesworth, 529 


T 


Tetrahymena geleii: Growth, Rockland 
and Dunn, 511 
Thienylalanine: 8-2-, phenylalanine-low 
diet, effect, Ferger and du Vigneaud, 


61 

Thorax: Aorta, respiration, Briggs, 
Chernick, and Chaikoff, 103 
Thyroid: Action, deuterium in study, 
Karp and Slelten, 819 
Thyroxine: Antagonists, Frieden and 
Winaler, 423 


Tissue(s): Extracts, hyaluronidase, ef- 
fect, Watlenberg and Glick, 1213 


INDEX 


Tocopherol: a-, vitamin E potency, 
Harris and Ludwig, 111) 
Calcification, Sobel, Hanok. 
Kirshner, and Fankuchen, 25 
Roentgen ray diffraction patterns, 
Sohel, Hanok, Kirshner, and Fan. 
kuchen, 205 
Tricarboxylic acid: Cycle, intermedi- 
ates, oxidation, liver mitochondria, 


Kennedy and Lehninger, 957 
Trypanosoma hippicum: Carbohydrate 
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